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ABSTRACT
A database designed to develop, evaluate and compare color-difference
formulae, particularly for use within the suprathreshold industrial-sized
range, so named for its importance in many commercial transactions, has
been under development at the Munsell Color Science Laboratory. The
database consists of two independent data sets, previously published. The sets
and the experimental conditions under which they were derived were
analyzed to determine the appropriateness of pooling the data. The earlier of
the two studies had associated statistics which indicated a population of highly
precise observers. The latter study's population displayed a significantly
greater level of uncertainty. The current work concluded that the increase in
observer imprecision was a consequence of increased task difficulty. A
median filtering of raw individual observer responses improved
interpretability of the data and enabled pooling of the sets. The pooled results
were compared with various widely used color-difference formulae of which
CMC(1:1) had the highest correlation.
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I. Introduction
A multi-phase research project has been underway at the
Munsell Color Science Laboratory to create a database of
experimentally derived human color difference responses for a large
subject population with respect to a wide sampling of color-space.
Two independent studies, Phase
I1-2
and Phase II3, examined a total
of nine
CIELAB7 color directions in the vicinity of 19 color centers.
Although the studies shared similar experimental designs, they
produced very different confidence statistics. The purpose of the
current work was to evaluate differences between the two studies
and determine if pooling the data was appropriate.
Phases I and II took advantage of an experimental method
which enabled a quantitative comparison of color-differences
throughout color space. A color-difference standard called the
anchor pair was used for these comparisons. It consisted of two
near-neutral painted aluminum samples, differing in all three
CIELAB dimensions, with a color-difference magnitude of
approximately 1 AE*ab unit, and mounted
on a gray background.
Color-differences visually matching the
anchor pair were dubbed
industrial-sized because of their importance for many commercial
transactions. The anchor pair thus measured one industrial-sized
color-difference unit. Test-pairs were of similar construction to the
anchor pair. Observers were asked to make binary forced choice
determinations as to whether the perceived color-differences of
test-




The inconsistency between currently available color-difference
scales such as CIELAB and human perceived magnitudes, particularly
in the realm of industrial-sized color-differences, was the main
motivation behind these earlier investigations.37"39 Snyder,1 Alman
et
al.,2 Reniff,3
and Berns et al.4 have produced a body of work
describing the background, implementation and results of Phases I
and II. They have justified the need for these studies and have
thoroughly explained the methodology used for the experimental
design and the data analysis. In order to put the current work in
proper context, the aforementioned papers should be studied.
The statistical analysis method for Phase I and Phase II was
Probit analysis.5 Probit was designed for determining population
tolerance levels for quantal experiments where observers responded
normally with respect to a stimulus level and where individual
observations were completely independent. The stimulus to which
observers reacted in Phases I and II was test-pair color-difference.
The tolerance level sought by the experiments was the level of
CIELAB color-difference corresponding to one industrial-sized
color-
difference unit at various points in color-space and in particular
color- space orientations. The term T50 was used in these studies to
describe the median tolerance level as determined by Probit
analysis, color center signified locations in color-space about which
data were taken, and the term color vector was used to designate the
tri-valued entity comprising the resultant
T50 magnitude, its
associated color center and its color-space orientation.
Phase I statistical analysis showed an observer population
responding normally for 82% of the
vectors.1 Unlike these
encouraging statistics, Phase II results were cause for concern. Only
47% of the T50's were associated with high confidence
measurements.3
The current project was mandated the responsibility to identify
the differences between Phases I and II and to determine if and how
the data could be pooled. Several experiments were designed to test
theories about the change in confidence statistics. These experiments
helped to narrow the list of probable primary contributors. The
most likely causes for the decrease in statistical confidence were
identified as follows: color-space orientation of color-difference test-
pairs and the color distance of test-pair colors from the anchor pair.
It was concluded that these factors resulted in making Phase II a
more difficult task for observers.
A median filtering technique was developed for use on the raw
observer responses. The effect of the median filter was to reduce
within-observer noise so that the Probit analysis could properly
measure between-observer variation. A priori knowledge of how
individuals react to locally-increasing color-differences was used as
rationale for applying the
filter.6 Phase I T50 metrics were changed
little between the filtered and unfiltered responses where maximum
magnitude difference was 0.03t AE*ab units. 91% of the Phase II
filtered T50's were within 0.10 AE*ab units of the unfiltered values.
Filtered Phase I data showed 34+ of its 45 color vectors passing
+ The unfiltered Phase I and Phase II statistics being compared with the filtered statistics
are not the same as those reported by Snyder1, Alman et
al.2
and Reniff3, nor are the
filtered statistics the same as those reported by Berns et al4. This is because the raw data
was relogged for the current study. For further explanation, see the sections Phase I,
Phase II and This Thesis, in the Background chapter.
confidence tests, a slight decrease from 35+ passing prior to the
filtering. Filtered Phase II data showed an increase to 86+ from 56+
of its 119 unfiltered vectors.
The filtered results were compared to the following list of
color-difference formulae: XYZ8 Euclidean distance, CIELAB7,
CIELUV7, SVF9, FMC210-11, BFD(1:1)1213, CMC(1:1)1415, and the NBS
Unit of Color-Difference16-17. CMC(1:1) was found to have the closest
association with industrial-sized color differences.
II. Background
A. Uniform Color-Spaces and Color-Difference Formulae
In 1931 the CIE established the standard observer and the
ability to calculate trichromatic responses. This provided the world
with unambiguous color specification. A color sample described by
XYZ tristimulus values should visually match another sample
described by the same XYZ tristimulus values under identical
viewing conditions. The ability to measure colors by means of a
spectrophotometer and to transform measurements to XYZ values
created a "universal and fundamental language of color."23 The 1931
standard observer was greatly important for the growth of color
science. As the Handbook of Colorimetry23 pointed out, "Students of
history agree that man's progress was slow until he had developed a
language that enabled him to impart to others the experience that he
had just
acquired."
By 1934, transformations of the XYZ system were being
developed for superior correlation between calculated distances and
human visual perception.17 Known as uniform color spaces or
uniform color scales, many XYZ transformations have been offered
over the past sixty years. Earliest attempts at improving the non
uniform nature of XYZ space concentrated on the two-dimensional
projection known as the chromaticity diagram. MacAdam, one of the





Analogous to Mercator charts and other kinds of maps of the world that
misrepresent the ratios of distances, the chromaticity diagram does not
represent perceptually equal color differences by equal distances between
points that represent equally luminous colors. The noticeability of color
differences was not considered - very few data were available - when the
chromaticity diagram was devised and adopted. However, as soon as it came
into use, anomalies were encountered in interpreting the configurations of
points on the diagram. Inconsistencies between distances and perceived
magnitudes of color differences were evident. The analogy with
geographical maps was quickly noted and suggestions were made to change
the representation so that equal distances would represent equally
noticeable color differences. The hoped-for chromaticity diagram with
such properties came to be called "uniform". The search for it has
extended over 50 years and seems no nearer its goal than at the beginning.
Much of the accumulated evidence indicates that the goal is unattainable
that a flat diagram cannot represent equal color differences by equal
distances any more than a flat map of the world can represent equal
geographical distances by equal distances on the map.
Without a uniform color space it was necessary to perform
special investigations for each color about which a color tolerance
was to be specified. MacAdam25 and Billmeyer26 have described the
use of "limit
standards"
which are chosen as representatives of
acceptable "extreme
variations."
Many uniform color spaces have been offered.
Hunter17 has
given an extensive history to the development of many of these
scales. In general, the scales break down into three categories: those
deriving from the work of Albert
Munsell:28-31
those in the family
line of Judd's 1939 commercial-acceptance measurements;32 and,
those which can be traced back to MacAdam's reports in the early
1940's on just-noticeable differences33-34 (jnd's). In 1976 the CIE
recommended that the color community use either of two color-
difference formulae,7-36 CIELAB or CIELUV. CIELAB is a member of
the Munsell family, CIELUV derives from MacAdam just-noticeable
difference data. As these and their derivations have become the
most dominant uniform color spaces, the lack of best fit for
industrial-sized color-differences by either has proven
troublesome.37"39
B. Overview of Color-Difference Equations
In 1969 Wright wrote "the preference for one [color-difference]
formula over another is likely to be determined by its practical
convenience and ease of application rather than because of some
superior visual validity."40 Over the years and between industries,
these criteria have had inconsistent interpretation. For example,
equations once thought too complicated for human calculation or for
analog circuitry have become less intimidating as computers and
digital circuitry have become commonplace. Yet, simplicity has
continued to be a driving force. Visual factors important to a
particular niche have been incorporated into formulae only to find
indifference from the color-difference marketplace. Historical
precedence, as well, has always had a marked influence on the use of
metrics. "Practical
convenience"
is often defined by the common
language, regardless of its appropriateness to the problem at hand.
The color-difference formulae compared in this thesis were
chosen because they are in wide use today. One exception is the NBS
unit of color-difference, chosen because it once enjoyed wide use and
was derived for industrial-sized color-differences. Appendix B lists
the formulae for these equations.
The NBS unit of color-difference16-17 also known as the Judd
color-difference unit, is associated with the Judd-Hunter or Modified
Judd formula, derived by Hunter in 1942. According to Hunter,
"differences of less than one unit are usually not important in
commercial transactions."17 This unit was based on Judd's 1939
formula,32
a summary of dye house color-matching investigations.
Hunter transformed the 1939 formula to his
"alpha-beta"
rectangular
chromaticity diagram and used an additional 10,000 observations of
tile samples. The formula included a "gloss
factor,"
considered by
Hunter as late as 1987 to be unique among uniform color
spaces.17
The FMC-2 formula11 was based upon the FMC-1 metric.41 The
earlier formula was a three-dimensional fit to the results of the
MacAdam series of jnd studies. FMC-2 added two factors to better
conform with the Simon-Goodwin type of lightness and
chromaticness differences.42-43 The first factor was specifically
developed for textile industry use. It simulated the "swelling/
shrinking behavior of Simon-Goodwin chromaticness
differences."11
The other factor was developed to constrain grays to conform to
Simon-Goodwin lightness differences.
By 1976 it was recognized that as many as 20 different
color-
difference formulae were being used world
wide.7 While many
studies were made comparing the various available formulae, no
clear winner was emerging. At the time, particularly in Europe,
there was a move to standardize on the Adams-Nickerson
formula44-45
also known as the Adams Chromatic Value formula or
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ANLAB. A disadvantage to the formula was the set of non-invertible
quintic expressions relating fundamental factors to the CIE XYZ
tristimulus values. In order to estimate these factors, table lookups
and interpolations were necessary. A simplification using cube-root
relationships was shown to deviate from the original insignificantly
and grew into CIELAB.7
CIELUV7
was derived as a modification to the 1964 CIE U*V*W*
formula.46 Both CIELUV and the 1964 formulas had associated
chromaticity diagrams with desirable properties for additive
systems. Industries that worked with additive colors, such as color
television, found great functionality in chromaticity diagrams which
preserved a colinear relationship between the chromaticities of any
two colored lights and the chromaticity of their weighted
combination. The position of the resultant chromaticity was directly
calculable from the relative radiance levels. No such diagram was
available for CIELAB. CIELAB and CIELUV shared a common
lightness component, L*.
CMC(l:c),14 disclosed in 1984, was an improvement to the JPC79
formula47-48
which, in turn, was a modification of
ANLAB.52 JPC79
was based on acceptability results obtained in one
study.12 Under
the direction of the Society of Dyers and
Colourists'
Colour
Measurement Committee, for which it was named, CMC(l:c) was
formed to remove anomalies introduced in lightness differences
between very dark colors and
anomalies introduced in hue
differences between near-neatral colors. The CMC(l:c) formula also
added the T and
'c'
attributes which allowed application specific
setting of relative tolerances to lightness and
chroma differences.
Reported in 1986, the SVF9 color space was an attempt to "test
whether it was possible to improve the quantitative description of
color-differences by introducing a few physiological assumptions
about signal processing in the
eye."
In particular, three aspects of
contemporary understanding of eye/brain color processing were
addressed: the relationship between the amount of light incident
upon the three cone pigments and the resultant receptor response;
the relative sensitivities of the three cone types and their saturation
characteristics; and, the opponency mechanism for chromatic vision.
The SVF formula was a modification of the Munsell Renotation
System.49
BFD(l:c)12-13
was the outcome of comparing 11 color-difference
formulae to a combined database of 15 published perceptibility and
acceptability data sets. A total of 132 color centers were used.
While CMC(l:c) was shown to perform best, systematic errors were
identified. A modification of CMC(l:c) became BFD(l:c). BFD(lx) was
designed to be similar in structure to the CMC(l:c) formula with
newly derived coefficients and an additional term incorporated to
correct the claimed CMC(lx) defect of always orienting discrimination
ellipsoids toward the achromatic axis of CIELAB.
Of the above formulae, FMC-2 and CMC(l:c) do not always
calculate the same color-difference between two colors when the
assigned the role of standard is changed. This has often been
considered an undesirable characteristic. The use of weighted
CIELAB AE*ab components, enjoyed by both CMC(l:c) and BFD(l:c), is
an approach that Alman and coworkers found to give superior
performance.2
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C. Introduction to Phases I and II
"It may be noted that all color-difference formulas are
designed to provide results that describe or fit well one or another
body of visual data (but not more than one, since these data sets are
not consistent with one another)."35 Here Billmeyer and Saltzman
make reference to one of the most important motivations for this
study and its predecessors. Uniform color spaces were derived from
and fit best one or another data set. As described above, most color-
difference formulae can be traced back to one of three data sets. It
follows that each formula is best suited to deliver psychophysical^
accurate color-difference magnitudes for differences which are
similar to those comprising its associated data set. While the Judd
family of color spaces actually did derive from commercially
important color-differences, Munsell-based formulae and MacAdam
just-noticeable difference color spaces did not. Munsell spacing is
very large with respect to industrial-sized color-differences.
Just-
noticeable differences are very small with respect to industrial-sized
color-differences. Recall that the two current CIE recommended
color-difference formulae, CIELAB and CIELUV, derive respectively
from Munsell and MacAdam jnd spaces. Phases I and II were
designed to gather data about human perception of
industrial- sized
color-differences.
In 1989, Alman et
al.2 reported the results of
Snyder's1
color
tolerance experiment. This experiment has been referred to as Phase
I in this thesis. A pair of near-neutral paint samples that varied in
all three CIELAB dimensions with a color-difference of approximately
one AE*ab was prepared. This pair, considered to have a typical
1 1
industrial-sized color-difference, was chosen as the anchor pair.
Using a psychophysical technique of paired comparison, test-pairs
were compared to the anchor pair. Fifty color-normal observers
volunteered for the experimental task. Observers viewed a
randomized set of test-pairs. For each pair, observers were given the
forced choice between designating "pass", if the perceived magnitude
of the test-pair color-difference were smaller than that of the anchor
pair, or "fail", if otherwise. The two painted colors used to create the
test-pairs were carefully chosen so that they were orientated in one
of five color directions. For Phase I, each vector was associated with
one of nine distinct color centers.
The Reniff3 study, referred to as Phase II, was a follow-up of
the earlier Phase I work. Again, fifty color-normal volunteers were
assembled. Conceptually, the task was identical to Phase I.
Observers were asked to accept a test-pair if its color-difference
were smaller than the anchor pair's and reject it if its color-
difference were larger. The anchor pair was the same standard as
had been used in Phase I. Test-pair physical dimensions were
likewise identical to those used in Phase I. Phase II vectors were
oriented in one of seven color directions and associated with one of
17 color centers.
D. Probit Analysis
Observer rejection rates were processed through Probit
statistical
analysis5 which uses a maximum likelihood model. This
procedure was used to estimate the magnitude in AE*ab units of the
color-difference at each color center and along each vector direction
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which would have been perceptually equivalent to the anchor pair's
color-difference. Referred to as the T50, this equivalent CIELAB
color-difference is an estimate of that which would have been
rejected by exactly 50% of the population.
The SAS54 computer statistical package was used to perform
the Probit analysis. In addition to the T50 values the SAS program
calculated for each vector an associated a (standard deviation), ax2
value and a %2 confidence value. This x2 confidence value indicated
the probability that the true
x2
were greater than the reported %2.
Each T50 value also had an associated fiducial limit range, similar to
a confidence interval.
Probit was designed for situations where it would be
impractical or impossible to implement a method of limits analysis.
An experiment utilizing Probit analysis must meet the following
criteria: discrete stimulus levels must be presented to subjects; the
subject population should respond in a normal manner to the
stimulus; and, each individual response must be completely
independent of all others.
The Phase I and Phase II experiments were quantal in nature.
Subjects were asked to respond to discrete color-difference
magnitudes associated with prefabricated test-pairs. The Probit
criterion that the population respond in a normal manner was tested
within the analysis for each T50 and the goodness-of-fit was
quantified in the %2 probability term.
As described above, Probit analysis would have been applied
inappropriatly had there been a dependence between responses.
The classical text on Probit experiments, written by
Finney,5 did not
13
entertain the possibility that there exist experiments which could
reuse subjects to receive multiple stimulus levels. It assumed that
this would automatically violate the
"independence"
criterion. This
conservative stance prevented any situation where a residual effect
from earlier observations influenced later responses, potentially
skewing results. "For the method to be satisfactory, there must be no
cumulative effect of doses already given, either as lowering or as
increasing the resistance of the subject, a condition which severely
limits its applicability."5 Jameson and Hurvich have noted that
perceived color is "systematically dependent on both preceding
stimulation and on simultaneous stimulation of the remainder of the
visual field."73 However, the experiment on which Jameson and
Hurvich based their claim was primarily concerned with the latter
phenomenon followed by postulation that preceding stimulus would
have similar effect. Conversely, Berns reported general acceptance in
the color science community that it would be unreasonable to "expect
hysteresis or build-up for
color-difference"
observations.55
T50 represented that level of stimulus which would have
caused positive response in 50% of the population. The stimulus for
these studies was color-difference. The T50, in CIELAB AE*ab units,
was used to determine the population match to the visual
appearance of the anchor pair's color-difference for each color
direction at each color center. The
x2 was representative of the
deviation of observer responses from the normality assumption. The
X2
and the number of degrees of freedom were used to lookup a
x2
probability term indicating the probability that "another equivalent
set taken at random would deviate as much from a normal
14
distribution"6, x2 probability terms of greater than 5% showed good
model fit. The standard deviation was associated with the
cumulative normal curve to which the actual responses were fit.
Fiducial limits delimited the error range about the T50 for a given
level of probability. Fiducial limits were calculated using a 95%
confidence level.
The Probit procedure used an iterative process to estimate p






where x is the stimulus level and f(x) is the population fractional
response. For the purposes of these studies, reported T50's were the
estimated p's, reported standard deviations were the estimated a's,
and the x2 and x2 probability terms indicated how closely the
estimated curves fit the raw data. The stimulus, x, was measured in







E. Differences Between Color Names in This and Previous
Papers
Snyder1 and Alman et al.,2 in reporting Phase I, and
Reniff,3 in
reporting Phase II, used color names convenient for the purposes of
their investigations, but not based on any standard naming
conventions. Berns et al.4 derived the ISCC-NBS color
names22 and
issued the following notice:
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ISCC-NBS color names are defined for illuminant C and the 1931 standard
observer. CIELAB was used as a chromatic-adaption transformation to
convert the experimental color-center values based on illuminant D65 and
the 1964 supplementary standard observer to the required illuminant and
observer. Although CIELAB is well known to be not an accurate adaptation
transformation, its use seemed reasonable for the purpose of merely
assigning color names.
Table I: Relating currently
names
and previously used color
ISCC-NBS color name Previouslv used name Oriainal Phase
Phase 1Moderate blue Blue
Moderate greenish blue Cyan Phase 1
Medium gray Gray Phase 1
Moderate bluish green Green Phase 1
Light brown Orange Phase 1
Grayish purple Purple Phase 1
Dark reddish orange Red Phase 1
Moderate yellow Yellow Phase 1
Grayish yellow green Yellow/Green Phase 1
Black Black Phase II
Light bluish green Blue/Green Phase II
Moderate reddish brown Brown Phase II
Dark bluish green Green/Blue Phase II
Brilliant greenish blue Light Blue Phase II
Very dark red Maroon Phase II
Moderate purplish pink Pink Phase II
Dark blue Violet Phase II
Light gray White Phase II
Strong orange yellow Yellow/Orange Phase II
Where ever possible in this paper, the ISCC-NBS names have
been used. Table I displays the previously used and current names
for the color centers.
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F. Phase I
The vector directions used in Phase I appear in Table II.
Descriptions of the color centers and the anchor pair, appear in Table
III. Five of the nine color centers used corresponded to the CIE
recommended centers for coordinated research.39 Those which fulfill
this criteria contain
'yes'
in the second column.
Table II: Vector Directions Used in Phase I


















Anchor 49.21 0.045 5.275 -
Moderate yellow yes 77.2 2.0 36.0 41.6
Grayish yellow green 64.6 -9.9 13.2 20.0
Moderate bluish green yes 55.0 -27.7 2.0 28.5
Moderate blue yes 34.2 -1 .0 -28.0 36.5
Grayish purple 45.6 11.4 12.6 21.5
Moderate greenish blue 49.1 -16.2 -1 1 .5 23.4
Dark redish orange yes 42.8 34.7 22.8 39.4
Light brown 61.2 13.2 20.0 23.1
Medium Gray yes 58.2 -0.3 0.8 10.0
A high degree of confidence that the Phase I observer
population was consistent and had a distribution equivalent to a
cumulative normal response was revealed through the Probit
analysis. Only eight of the 45 Phase I vectors revealed statistically
unexpected behavior.
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Reported statistics in Snyder1 and Alman et al.2 were based on
Snyder's experimentally derived data. The visual task was for
observers to accept or reject test-pairs based on comparison of the
color-difference magnitude to that of the anchor pair. When an
observer indicated that a test-pair passed, Snyder handwrote a check
mark ( v ) on a preprinted form next to a number representing the
accepted test-pair. When an observer indicated that a test-pair
failed, Snyder handwrote an
'ex'
mark ( X ) instead at the same place
on the response form. The current research necessitated a return to
the original response forms.
Handwritten check marks and ex marks can be extremely hard
to distinguish. The use of the two marks to represent opposite
responses was a very poor choice.
After examining the results of Snyder's population totals, 317
response frequencies from 50 observers, and comparing them with
the current totals, tallied from photocopies of the original 50 forms, it
was clear that certain ambiguous marks had been interpreted
previously as denoting acceptance or rejection and currently as the
opposite. There was no possibility to tell which marks were the
ones with which the researchers had disagreed. It was only possible
to tell which test-pairs were affected by comparing the total number
of rejections tabulated. Table A-I presents the differences between
Snyder's totals and the ones used for the current research. Note that
Table A-I shows only unfiltered responses. Results of filtered
response values based upon the current data were reported by Berns
et al.4 Note also in Table A-I that vector direction B for Moderate
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Bluish Green showed a very large difference. This has been
determined to be due to a typographical error on Snyder's behalf.
77 of the 317 test-pairs used in Phase I showed a discrepancy
between the current and Snyder tallies. 20% of the 45 Phase I T50
values were derived using none of the discrepant test-pairs. The
other 36 T50's were derived using at least one of the 77 unagreed
upon response frequencies. Ignoring the suspected typographical
error demonstrated by Moderate Bluish Green vector B, the largest
frequency discrepancy had of magnitude of 3 observer responses
and no T50 value changed by more than .03 CIELAB AE*ab units.
These differences are considered minuscule and are certainly within
experimental error. Only the current data were used for the present
research.
G. Phase II
The exceptional Phase I results were used to justify an
optimistic, ambitious effort for Phase II utilizing the same
experimental approach. Four new vector directions were added to
each of the original color centers. Unlike any Phase I vectors, these
new directions varied simultaneously in all three dimensions of L*,
a*
and b*. Also, ten new color centers were investigated. These
centers were generally much further
in AE*ab distance from the
neutral anchor than were the Phase I centers. For these new color
centers, seven vector directions were tested.
Included were the four
new vector directions and three of the original directions. The seven
directions investigated by Phase II appear in Table IV.
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Table IV: Vector Directions Used in Phase II



























Anchor 49.21 0.045 5.275 - yes
Moderate yellow yes 77.2 2.0 36.0 41.6 yes
Grayish yellow green 64.6 -9.9 13.2 20.0 yes
Moderate bluish green yes 55.0 -27.7 2.0 28.5 yes
Moderate blue yes 34.2 -1 .0 -28.0 36.5 yes
Grayish purple 45.6 11.4 -12.6 21.5 yes
Moderate greenish blue 49.1 -16.2 -1 1 .5 23.4 yes
Dark redish orange yes 42.8 34.7 22.8 39.4 yes
Light brown 61.2 13.2 20.0 23.1 yes
Medium Gray yes 58.2 -0.3 0.8 10.0 yes
Light Gray 83.0 0.4 0.1 34.2
Strong orange yellow 75.0 17.2 78.4 79.4
Light bluish green 68.2 -30.2 -5.4 37.3
Brilliant greenish blue 59.4 -13.1 -26.1 35.5
Moderate purplish pink 67.6 31.2 -0.2 36.6
Dark bluish green 31.3 -32.4 -5.4 38.6
Dark blue 29.8 7.1 -31.0 41.7
Moderate reddish brown 28.5 20.8 17.1 31.6
Very dark red 17.3 24.2 3.4 40.1
Black 14.3 -0.2 0.2 35.3
Thirteen of the Phase I vectors were repeated by Phase II.
Eight of these repeats were those which did not have high confidence
metrics after Probit analysis. The other five repeats were associated
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with the Moderate Bluish Green color center. This latter set was
included to insure the validity of pooling the data. The F, G, H, and I
vector directions were probed by the Phase II experiment for all of
the Phase I color centers. For all of the new Phase II color centers
vector directions A, B, C, F, G, H, and I were investigated. Table V
displays all of the color centers used in Phase II. The Phase II
results were disappointing. They did not show the excellent statistics
produced by Phase I. Almost 53% of the analyzed vectors showed
low confidence metrics.
The Phase II experimental design utilized a method superior
to that of Phase I for logging acceptance or rejection responses.
Phase II rejections were denoted by crossing out test-pair sample
numbers from a preprinted response form. Acceptances were
passively noted by not having their numbers crossed out. This
method worked well and did not produce the ambiguous situation
experienced with the Phase I data.
After relogging the Phase II data
from photocopies of the
original response sheets several times, there still appeared to be
discrepancies between the reported T50's in Table 4 of
Reniff3 and
those calculated with the current data. Ms. Reniff kindly made
available copies of tabulations from her laboratory
notes53 and these
were compared with the current values. The comparisons appear in
A-II.
Of the 642 test-pairs used in the Phase II study, 46
showed
discrepancy between Reniffs and the current
tabulations. Excepting
test-pairs associated with the Dark Bluish Green B vector, the
maximum magnitude of difference per test-pair was 2 rejections.
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Only three vectors: Dark Bluish Green B, Strong Orange Yellow A, and
Dark Blue I, had T50 values which deviated more than .04 AE*ab units
between the two tallies. Not taking into account these exceptions,
discussed below, the differences are considered minuscule and
within the bounds of experimental error.
Dark Bluish Green direction B vector showed a systematic over
counting by Reniff resulting in five extra rejections for each of the
vector's five test-pairs. Strong Orange Yellow A and Dark Blue I
were two of a total of three of the Phase II unfiltered vectors which
appeared to have been poorly sampled by the test-pairs such that
the Probit program extrapolated beyond the range of test-pair AE*ab's
to determine the T50 point. The statistics for these two vectors, as
shown in Table A-II, lead to the conclusion that this extrapolation
process is extremely sensitive to any small difference in tabulated
results, and thus has dubious reliability. The example of Strong
Orange Yellow direction A showed that a deviation of a single
rejection for a single test-pair (sample #158) resulted in a T50
difference of 0.32 units. Dark Blue I displayed a difference of 0.10
T50 units for a single rejection change in three of its test-pairs. The
third example of T50 extrapolation was Strong Orange Yellow
direction C, but there were no differences in rejection frequencies.
Many of the vectors which did not display differences in
tabulation for respective test-pairs did, however, show a difference
in T50 value in the range of +-.01 units. The conclusion is that the
disparity in these reported values are a result of differences
in
rounding technique between the
researchers.
Only the current data were used for the present research.
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H. This Thesis
The purpose of this work was to understand why the two
previous experiments had not produced similar confidence statistics.
Supplemental experiments were designed to study aspects of this
question. An uncertainty analysis was performed on the two
preexisting data sets and the newly derived data.
The conclusion which will be supported in the next chapter was
that an increase in observer task difficulty was accompanied by a
decrease in the precision with which individuals made color-
difference comparison decisions. This, in itself, might not have
affected the confidence statistics had the experimental design not
called for individuals to make multiple observations per color vector.
Since the Probit analysis procedure as used here did not discriminate
between individual imprecision and observer to observer
differential, the within-observer noise caused an improper increase
in the calculated population variance. By attenuating
within-
observer fluctuation the between-observer statistics became more
accurate.
A median filtering technique was used on the raw observer
responses. The filtered responses were considered legitimate input
to the Probit analysis following the assumption that CIELAB is an
ordinal scale with respect to small color-differences and the fact that
a median operation is known to "show
invariantive"
for
transformations of ordinal scales.27 Given that there is a monotonic
relationship between human color-difference perception and
CIELAB
color-differences along lines in small regions of color-space,
it would
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be true that the median of a set of observer responses for a single
vector yields the same response as that given to the median AE*ab
test-pair. The filter enforces this relationship for every three
contiguous AE*ab ordered responses for each vector for each
individual observer. The effect of the median filter was to reduce
within-observer noise while preserving the true between-observer
variance.
Berns, et al4 included a preliminary report showing the results
of filtering the pooled Phase I and Phase II data with the techniques
developed for the present study. At the time of that report, the
filtered data were believed to have been completely accurate. The
subsequent relogging of the Phase II data has helped to create a
more reliable data set. A corrected version of the first eight columns
of the summarizing table from Berns can be found in Table XXI (see
Chapter V). The Phase II data were updated according to the
relogged data, whereas the Phase I data were no different from that
previously reported.




Phase II vectors showed a difference in T50 value. The
maximum magnitude of change was 0.05 T50 units. This small
difference would not have caused a qualitative difference in the
article's several figures visualizing the 3-dimensional implications
of
the variations across color-space of derived T50 values.
*
118 of the 119 Phase II vectors were used in the Berns table because one of the Phase II




It is necessary to report an error in a Berns, et
al4
calculation in
order to show how it has changed with respect to the current
tabulations. When referring to the table which has now been
superseded by Table XXI in this study, it was reported that 79% of
the vectors passed the 0.05 x2 probability test. That value should





This thesis had the mandate to determine which of the
differences between Phase I and Phase II caused the systematic
increase in observer uncertainty. A list was made of all differences
between Phases I and II. Phase I and II data were examined and
where necessary supplemental data were gathered to help decide
how each difference contributed to the change in confidence
statistics:
Different duration of observer sessions
Different sample AE*ab range per vector
Different observer population
Different vector orientations
Different color center distances from the anchor pair
Investigations of observer session duration and different
sample AE*ab ranges per vector required supplemental data. Existing
Phase I and II data as well as previous research were used to discuss
the other differences.
B. Supplemental Observations
For the Supplemental observation sessions, two color centers
from the previous Phases were chosen. Moderate Bluish Green was
selected because it was the only fully repeated Phase I and Phase II
color center. Light Bluish Green was the other selected color center.
It had been used in Phase II, but had not been part of Phase I. Light
Bluish Green had two characteristics which made it appropriate for
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the Supplemental experiment: 1) it was representative of those
Phase II color centers for which observers had shown significant
uncertainty as four out of its seven vectors were associated with low
X2
probability terms; 2) with a color-distance of 37.3 AE*ab units from
the anchor pair, it was typical of the Phase II color centers (see Table
VI).
Table VI: Color Center Distance from Anchor Pair















Distance from Anchor Pair
23.19 36.83 35.38
Maximum Color Center
Distance from Anchor Pair
41.65 79.54 79.54
Minimum Color Center
Distance from Anchor Pair
9.86 31.80 9.86
The Supplemental sessions were executed in a fashion similar
to that of Phases I and II. Fifty color-normal volunteers, mostly
consisting of RIT students, faculty and staff members were recruited
for the 15 minute sessions. Observers sat in front of a MacBeth
Spectralight booth and made observations under a daylight simulator
with a correlated color temperature of 6250K. All other room lights
were out. Observations consisted of comparing test-pairs of painted
aluminum samples to the anchor pair. Observers were instructed to
reject those test-pairs with color-differences exceeding that of the
anchor pair. All others were accepted.
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All colorimetric measurements for this study were made on a
Milton Roy ColorScan 45 Spectrophotometer. Reniff3 described the
procedure for use of the instrument and how L*a*b* values were
derived:
The Milton Roy ColorScan 45/0 spectrophotometer was used for the
measurements. The ColorScan is setup to run through the VAX/VMS system
using software written at RIT. The instrument is a double beam scanning
spectrophotometer which was calibrated using an NBS calibrated white
porcelain tile. A program was written that prompted the user for
measurement of both halves of the samples, columnized the data, and
calculated the required data and color difference between the two. Each
color difference pair had a measurement file containing ASCII data. The
tristimulus calculation was [performed] using the ASTM weighting
functions[56] for lOnm data, illuminant D65 and CIE
10
standard
observer. A technique to correct the systematic errors in each
measurement that was developed by Robertson[57] and modified by Berns
and Petersen f5**] was also used. An NBS calibrated cyan tile was measured
and the systematic errors calculated from that measurement against the
NBS values. Correction coefficients were then calculated and used for
every measurement. New
correction coefficients were calculated every half
hour the instrument was in use in case there were any changes during its
operation.
The anchor pair was originally constructed for the
Phase I
experiment. It consists of two near-neutral aluminum samples
adhered to a gray mounting tile by double stick tape.
It was also
used by Phase II for consistency and again for
these experiments.
28
Tab e VII: Anchor Pair Measurements and Calculations














Figure 1: Anchor and Test-Pair
Configuration1
Test-pairs were constructed to exactly the
same dimensions as
the anchor pair. They consisted of a
pair of aluminum samples
adhered to a gray mounting
tile. Most test-pairs used for
this study
were constructed by Reniff for Phase
II experiments. Several were
constructed specifically for this
study. For these newly
constructed
test-pairs, aluminum samples were
chosen from a collection of
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painted samples which had been cut for Phase II purposes, but never
used as part of a test-pair.
Tables VIII and IX compare the results from Phases I and II
and the Supplemental observations.
Table VIII: Results for Moderate Bluish Green Color Center








A 0.945 0.905 1.008 4.213 0.519 0.31
B 2.283 2.209 2.363 3.171 0.787 0.453
C 1.316 1.239 1.366 4.095 0.536 0.397
D 1.672 1.623 1.736 3.104 0.684 0.346
E 1.774 1.718 1.831 1.168 0.948 0.398








A 1.033 0.936 1.18 2.797 0.424 0.572
B 2.579 2.412 2.841 0.139 0.987 0.972
C 1.224 1.138 1.306 1.636 0.651 0.475
D 1.782 1.651 1.919 5.535 0.137 0.776
E 1.812 1.682 1.935 3.502 0.478 0.808











B 2.251 1.833 2.771 8.248 0.041 0.694
C 1.138 1.069 1.201 2.257 0.521 0.345
D 1.493 1.331 1.616 0.513 0.916 0.763
E 1.449 1.324 1.541 5.582 0.233 0.492
SAS Probit Program would not produce confidence limits due to high
X2
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Table IX: Results for Light Bluish Green Color Center











B 2.375 2.186 2.539 2.868 0.413 0.951
C 1.781 1.673 1.892 2.422 0.49 0.618
F 1.293 1.207 1.375 6.928 0.14 0.459




1 1.475 0.813 1.784 12.52 0.006 0.436








A 1.586 0.343 3.199 45.7 1E-04 1
B 2.045 1.292 2.488 16.18 0.003 0.848
C 1.322 0.909 1.645 30.85 1E-04 0.476
F 1.295 0.897 1.691 39.92 1E-04 0.477




I 1.261 0.875 1.509 29.39 1E-04 0.452
"SAS Probit Program would not produce confidence limits due to high
X2
C. Different Duration of Observer Session
Phase I had shorter observer sessions than Phase II. Phase I
included 317 samples, Phase II had 636. Observers, thus, had to
spend at least twice as long in the Phase II experiment. Fatigue and
related problems had to be entertained as possible problems.
Samples associated with only the Moderate
Bluish Green and
the Light Bluish Green Color Centers, consisting of a total of 95
samples, were used for the Supplemental
observations. The use of
this relatively small sample set
was designed to determine if
reducing the time length of the
observation session would
significantly reduced the standard
deviation of the observer
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responses. The task length was reduced to approximately 15
minutes, versus the three sessions of 45 minutes to an hour used in
Phase II. Phase I had four sessions of 15-20 minute durations.
A t-test was performed to determine if, at 95% confidence
level, the population responses had changed due to the shorter
observational time.
Table X: T-test Comparison of Phase II and Supplemental
Moderate Bluish Green and Light Bluish Green Standard
Deviations










The standard deviation of the combined Moderate Bluish Green
and Light Bluish Green Color Centers were used to compare the
experiments. At a 95% confidence level, probabilities of greater than
0.05 imply the two populations were the same.
Probabilities displayed in Table X show no significant
difference between the Phase II and the Supplemental standard
deviations despite the shorter session associated with the
Supplemental task. This implies that the time duration of the Phase
II task did not induce fatigue to the point that it affected the
noisiness of the observations.
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D. Different Sample AE*ab Range per Vector
The range of AE*ab units and the total number of sample pairs
used per vector were smaller in the Phase II experiment than in
Phase I. The Phase II experiment had been preceded by a pilot
experiment which determined, among other things, the approximate
location of the T50 for each vector. The Phase II Pilot had been
performed in order to minimize the massive quantity of samples
needed to be observed for the Phase II experiment.
In order to determine if the vector sampling had been
improperly skewed by the Phase II pilot, the Supplemental
experiment included an increased sampling of the Light Bluish Green
color center. This was implemented by adding a relatively very
small and very large color-difference along each vector.
A paired samples t-test was performed comparing the
Supplemental T50's to the Phase II results along each Light Bluish
Green vector to determine if the population answer changed
significantly due to the increased sampling. A 95%
confidence level
was set.
Table XI: Paired Samples T-test Comparison of Phase II and
Supplemental Light Bluish Green T50s
Supplemental had additional large and small color-difference test-pairs for each vector.
n = 7
AT50
mean diff stdev diff prob
0.04 0.32 0.73
At a 95% confidence level, probabilities of greater than 0.05
imply the two populations were the same. The high probability
displayed in Table XI shows that the T50's did not vary significantly
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between the Phase II and Supplemental experiments. This indicates
that the expected Phase II pilot T50 was a reasonable approximation
of the actual T50 and that clustering around it did not malaffect the
results.
E. Different Observer Population
A complete three way set of t-tests were performed to
compare the populations from Phase I, Phase II and the
Supplemental experiment as characterized by their Moderate Bluish
Green responses.
Table XII: T-test Comparison of Phase I, II and
Supplemental Moderate Bluish Green Responses















































At a 95% confidence level, probabilities of greater than 0.05
imply that the two populations were the same. From the
probabilities presented in Table XII, the populations from the three
experiments had similar T50's and
x2 probabilities. The standard
deviation comparison, as discussed below, shows a more complicated
relationship.
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T50 refers to the population color-difference tolerance. Table
XII shows T50's to be statistically constant between the three
experiments,
x2
probability measures the degree to which the
population responses followed a normal distribution. Table XII
demonstrates that the populations from all three experiments were
similarly normal.
The only significant differences between the experiments
showed up in standard deviation. Standard deviation indicates the
level of population precision. Table XII shows that with respect to
standard deviation, the Phase I population was clearly different from
the Phase II population. The Supplemental population standard
deviation is not statistically different from Phase I or Phase II. The
Phase I mean standard deviation for the Moderate Bluish Green color
center was 0.38. This number increased to 0.57 for the
Supplemental experiment and to 0.72 for Phase II.
Rich59 has noted that visual scaling judgement precision
quickly deteriorates with increasing task difficulty.
Evidence cited
below will indicate that the difficulty level of the Phase I, II and
Supplemental tasks did correlate with respective standard
deviations. The task difficulty will be shown to be a function
of the
vector directions in color-space and the color center distances
from
the anchor pair.
F. Different Vector Orientations
A comparison of Tables II and IV shows the
differences
between the Phase I and Phase II vector directions.
Whereas all
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Phase I vectors varied in either lightness or chromaticness, four of
the Phase II vectors varied in both lightness and chromaticness.
Wyszecki18
and Coates et al.19 have reported an increase in
difficulty for visual judgements made of samples which vary in both
lightness and chromaticness compared to those which vary in only
one or the other. Stroka et al.20, however, found that combined
lightness and chromaticness color-differences were not more difficult
to judge.
Probit analysis includes two measures of observer uncertainty:
the standard deviation and the x2 probability term. As a reminder,
the standard deviation is a parameter defining the cumulative
normal function which the Probit analysis has estimated to match the
population response. The x2 probability term describes the degree
to which the population has responded in a truly normal manner.
Increased observer uncertainty would probably cause the standard
deviation to rise and the x2 probability term to fall.
Table XIII compares the average
x2
probability and the
average standard deviation grouped by vector direction for Phase I
and Phase II. It is interesting to note that in both Phase I and II,
observers responded in a more non-normal fashion for pure
lightness differences (vector directions A) than for those vectors
which varied only in chromaticness
(vector directions B, C, D and E).
Even though the Phase I vector direction A average
x2
probability
term is relatively lower than the
other vectors mentioned above, it is
still statistically high enough to
indicate that the Phase I population
reacted normally to such
color-differences. If it had been much
lower, indicating a poor normality fit, the relatively
low standard
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deviation for vector direction A might have been evidence that
human lightness-difference response is non-normal with respect to
AE*ab. Instead, the numbers indicate that the lightness judgements
were most difficult for the Phase I population. Additionally, vector
direction A contained the largest Phase II average standard
deviation. The Phase I and II statistics agree that lightness
judgements were more difficult than purely chromatic judgements.
While this may be non-intuitive, due to the fact that human
luminance vision has greater acuity than chromatic vision, it should
be remembered that the color centers were primarily
chromatic.4
Table XIII: Uncertainty Indicators for Phase I and II
Grouped by Vector Direction




9 0.274 0.287 0.353 0.051
B to
+a*
9 0.421 0.324 0.378 0.059
C to
+b*
9 0.323 0.355 0.431 0.081
D to
+a*,+b*
9 0.521 0.335 0.407 0.147
E to
+a*,-b*




12 0.095 0.198 1.323 1.803
B to
+a*
12 0.266 0.350 0.901 0.494
C to
+b*
14 0.354 0.215 0.732 0.345
F to
+L*,+a*+b*
1 9 0.077 0.140 0.723 0.333
G to
+L*,-a*+b*
19 0.111 0.224 0.904 1.130
H to
+L\-a*
1 9 0.090 0.174 0.601 0.287
1 to
+L*,+a*
1 9 0.083 0.168 0.725 0.667
All Phase II average standard deviations were elevated with
respect to Phase I average standard deviations. This indicates an
increase in task difficulty. The y2 probability term data in Table XIII
show that those vector directions which vary in lightness and
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chromaticness simultaneously (vectors F, G, H and I) were more
difficult to judge than those which vary in chromaticness only.
Duncan's multiple range test63 verified that the x2 probabilities of
the purely chromatic vector directions, B and C, were significantly
different at a 95% confidence level from those which varied
simultaneously in both dimensions. This evidence suggests that the
Phase II task was more difficult in part due to the inclusion of vector
directions that varied in both lightness and chromaticness.
G. Different Color Center Distance From Anchor Pair
Tables III, V, VI and Figure 2 illustrate the trend from Phase I
to Phase II where average color center color-distance from the
Anchor pair increased. Average Phase I color center was 27.06 AE*ab
units from the anchor pair, average Phase II color center was 41.01
AE*ab units.
X Phase I Color Centers Phase II Color Centers
3*^^ ^^ a^r\ a^r% i a^r% a^a\ a^^ a^F\
-\ 1 1 1 1 1 1 1
10 20 30 dE* 40 50 60 70 80
Figure 2: Phase I and Phase II Color Center AE*ab Distances
from Anchor Pair
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Table XIV: Uncertainty Indicators for
Center





"j2Pfob SstdevX2 prob stdev
Medium Gray 1 0 0.579 0.485 0.323 0.083
Grayish yellow green 20 0.424 0.341 0.349 0.049
Grayish purple 21.5 0.387 0.337 0.373 0.111
Light brown 23.1 0.544 0.383 0.348 0.093
Moderate greenish blue 23.4 0.247 0.371 0.486 0.113
Moderate bluish green 28.5 0.739 0.173 0.381 0.055
Moderate blue 36.5 0.263 0.39 0.519 0.172
Dark redish orange 39.4 0.298 0.178 0.459 0.127
Moderate yellow 41.6 0.828 0.134 0.394 0.099






Sj^prob SsidevX2 prob stdev
Moderate reddish brown 31.6 0.141 0.214 0.696 0.339
Light gray 34.2 0.368 0.277 0.661 0.171
Black 35.3 0.1 0.116 0.574 0.143
Brilliant greenish blue 35.5 0.059 0.144 0.892 0.415
Moderate purplish pink 36.6 0.123 0.263 0.731 0.186
Light bluish green 37.3 0.151 0.212 0.752 0.361
Dark bluish green 38.6 0.077 0.139 0.983 0.509
Very dark red 40.1 0.141 0.26 0.706 0.156
Dark blue 41.7 0.099 0.22 0.995 1.02
Strong orange yellow 79.4 0.129 0.174 2.069 2.196
Stroka20 found that color-distance judgement precision decreased
as color center location moved further from the anchor pair. A similar
trend is clear from examination of the average standard deviation values
in Table XIV and Table XV and illustrated in Figure 3. A correlation
analysis of the relationship between AE*ab distance from
anchor pair and
the average standard deviation for Phase II color centers showed a
r2
coefficient of determination of 0.931. A correlation analysis of the
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relationship between color center distance from the anchor pair and
average standard deviations across pooled Phase I and Phase II color
centers revealed a r2 coefficient of determination of 0.768 (see Figure 3).
These statistics lead to the conclusion that the increase in color center



















color center distance from anchor pair
Figure 3: Average Stdev as Function of Color Center Color-




As was shown by previous explanations, observer uncertainty
increased from Phase I to Phase II because of task difficulty. Task
difficulty was affected by vector directions which varied in both
lightness and chromaticness simultaneously, and by color center
distance from the anchor pair.
Probit analysis was designed to deal well with inter-observer
variance. Generally, Probit has been used in experiments where
subjects give only one response, thus, there is no precedent in the
literature of how to treat noisy individual observer responses. The
fact that Phase I and II observers gave multiple answers per color
center vector means that intra-observer noise was included in each
Probit data set.
Recall that test pairs with perceived color-difference
magnitude smaller than the anchor pair were accepted, those with
color-difference magnitude larger than the anchor pair were
rejected. Assuming local monotonicity of CIELAB with respect to
color-difference perception, the responses for a perfectly noise free
observer for a single vector when ordered in ascending AE*ab would
show a series of accepted test pairs up to his tolerance
level and all
test pairs with larger CIELAB color-differences would be rejected.
Figure 4 demonstrates how such an observer would react to a
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4- + + + H
0.5 0.6 0.7 0.8 0.9
personal tolerance
Test Pair Color Difference for Vector X for Color Center Q
Figure 4: Perfectly Noise Free Observer for a Single Vector
(Example I)
A set of these perfectly noise free observers would not
necessarily agree on where the break point was between acceptable
test pairs and rejected test pairs. As in Figure 5, this lack of
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Test Pair Color Difference for Vector X for Color Center Q




Table XVI shows the data which would be used for the Probit
analysis given the data from Figure 5.












Within-observer variability manifested in individuals
responding as if CIELAB were non-monotonic locally: a rejected test
pair had a smaller AE*ab than an accepted test pair belonging to the
same color center vector, see Figure 6. Since Probit does not
distinguish between multiple responses from single observers and
single responses from multiple observers, this intra-observer noise
was treated by the analysis as if it were additional inter-observer
variance, see Figure 7 and Table XVII.
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Figure 6: Individual Responding as if CIELAB were Non-
Monotonic Locally (Example II)
CU
et | reject
|0. 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Test Pair Color Difference for Vector X for Color Center Q
Figure 7: Set of Observers Responding as if CIELAB were
Non-Monotonic Locally (Example II)
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There are many instances cited in the literature where raw
observer responses are responsibly filtered prior to tallying
ensemble statistics.6-64-66 Use of a priori knowledge is supported by
Worthing6 as being legitimate for adjusting measurements so they
might better reflect laws which relate to the quantities. One law
used by this study to rationalize within-observer filtering is the
above mentioned assumption of local CIELAB monotonicity with
respect to color-difference. Although these studies are challenging
the effectiveness of color-difference scales such as CIELAB as ratio
scales, there is no question of CIELAB's legitimacy as an ordinal scale
for small color-differences. Thus, responses such as those given by
the above described noisy observers are violations
of an accepted
law, that of the order-preserving nature of local CIELAB
color-
differences, and may be conditioned to improve consistency
with the
law.




scales.27 Imposing this relationship on the
observer responses would remove behavior which violated
the
ordinal nature of local CIELAB color-differences. A
three-wide
45
median filter algorithm was used on ordered observer vector
responses. Median filters have been used by electrical engineers and
image processing professionals for removing narrow peaks and
valleys from signals. The width of a median filter kernel defines the
width of peaks and valleys affected by its application (see Figure 8).
In the case of a 1 -dimensional bi-level quantized signal, a median
filter kernel with a width of three sample points will only change
those signal segments with structures as narrow as a single sample
point. Thus, a three-wide median filter makes modifications only in
the special situation where the signal oscillates between the binary
levels, say 0 and 1, in a 1-0-1 or 0-1-0 configuration. In the
example of a 1-0-1 signal segment, the three-wide median filter
would output 1 for the center value. For 0-1-0 , the median filter
would produce a 0 for the center value. The filtering would not
change the center value for any other three-wide signal segment.
Analogies were made corresponding observer responses to signal
levels (0 for accept, 1 for reject), and signals to sets of individual
observer responses for each vector, ordered according to ascending
AE*ab. These analogies helped to envision a three-wide median filter
used to remove a level of intra-observer self-contradictory behavior
which can be thought of as high frequency noise.
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Input Signal Output Signal












































Figure 8: Median Filter Examples
It should be noted that not all observer self-contradictory
behavior was removed by the median filtering with a three-wide
kernel. As explained above, any structure wider than a single
sample point, as contained in the example 0-0-1-1-0-0, would have
been untouched. Also, a completely confused observer response
signal, such as 1-0-1-0-1-0, would be changed, in this case to
0-1-0-
1-0-1, thus continuing to exhibit its oscillatory
characteristic.
Table XVIII compares the filtered and unfiltered Phase I Probit
input and the T50 results. Table XIX shows the same type of data for
Phase II.
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Table XVIII: Comparing Phase I Unfiltered to Filtered
Data
Color Center Vector Snyder AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







Moderate blue A 0.96 0.96 0.00
1 0.26 0 0 0
2 0.5 10 7 -3
3 0.75 16 18 2
4 1.01 28 28 0
5 1.22 39 41 2
6 1.69 47 47 0
7 1.99 48 48 0
B 1.36 1.37 0.01
8 0.53 1 0 -1
9 0.82 5 1 -4
10 1.14 16 20 4
1 1 1.4 31 27 -4
12 1.75 40 43 3
13 1.96 46 46 0
14 2.35 47 48 1
C 1.54 1.55 0.01
15 0.48 0 0 0
16 1.19 14 10 -4
17 1.47 22 22 0
18 1.74 31 30 - 1
19 1.96 41 44 3
20 2.21 47 48 1
21 2.45 49 50 1
D 1.12 1.12 0.00
22 0.34 0 0 0
23 0.42 3 2 - 1
24 0.76 5 5 0
25 1.09 22 22 0
26 1.22 39 38 - 1
27 1.49 41 42 1
28 1.89 47 48 1
E 2.83 2.84 0.01
29 1.47 1 0 - 1
30 1.99 8 8 0
31 2.56 14 1 1 -3
32 2.83 28 24 -4
33 3.06 33 36 3
34 3.48 41 44 3
35 3.67 45 45 0
1 36 4.73 47 48 1
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Table XVIII (Cont.)
Color Center Vector Snyder AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







Moderate A 0.79 0.78 -0.01
greenish blue
37 0.25 3 2 -1
38 0.5 7 7 0
39 0.75 25 25 0
40 0.97 36 40 4
41 1.21 47 45 -2
42 1.56 47 49 2
43 1.8 50 50 0
B 1.61 1.62 0.01
44 0.72 1 1 0
45 0.96 3 2 -1
46 1.43 14 13 -1
47 1.8 37 34 -3
48 2.05 41 44 3
49 2.26 48 47 -1
50 2.33 48 50 2
C 1.63 1.62 -0.01
51 0.76 0 0 0
52 1.21 10 6 -4
53 1.47 17 17 0
54 1.75 27 30 3
55 1.95 46 46 0
56 2.44 48 49 1
57 2.95 48 49 1
D 1.8 1.8 0.00
58 1 3 3 0
59 1.35 13 10 -3
60 1.56 17 17 0
61 1.85 22 24 2
62 2.12 44 43
- 1
63 2.62 44 46 2
64 3.18 48 48 0
E 1.5 1.48 -0.02
65 0.73 3 3 0
66 0.98 8 7
- 1
67 1.57 33 29 -4
68 1.93 38 37
- 1
69 2.32 46 48 2
70 3.06 49 49 0
71 3.12 50 50 0
Medium gray A
0.93 0.94 0.01
72 0.24 1 0
- 1
73 0.48 2 1
- 1
74 0.72 9 7 -2
75 0.96 27 27 0





























77 1.72 50 50 0
78 1.99 50 50 0
B 0.89 0.9 0.01
79 0.24 0 0 0
80 0.52 5 1 -4
81 0.76 15 16 1
82 1 37 38 1
83 1.21 44 45 1
84 1.61 49 49 0
85 1.83 49 49 0
C 1.33 1.32 -0.01
86 0.74 2 2 0
87 1.01 17 16 - 1
88 1.56 33 33 0
89 2.09 47 49 2
90 2.17 49 49 0
91 2.54 50 50 0
92 3.08 50 50 0
D 0.92 0.93 0.01
93 0.48 1 0 - 1
94 0.71 9 8
- 1
95 0.96 30 30 0
96 1.2 43 45 2
97 1.43 49 49 0
98 1.66 50 50 0
99 2.19 50 50 0
E 1.3 1.27 -0.03
100 0.9 6 6 0
101 1.18 19 17 -2
102 1.4 32 33 1
103 1.91 47 50 3
104 2.29 50 50 0
105 2.43 50 50 0
106 2.81 50 50 0
Moderate bluish A 0.94
0.96 0.02
green
107 0.3 2 0 -2
108 0.53 4 2 -2
109 0.74 10 9
- 1
110 0.98 30 30 0
1 1 1 1.26 40 43 3
112 1.47 49 49 0
113 2.03 50 50 0
B
2.28 2.28 0.00
1 14 0.82 0 0 0
115 1.49 1 0
- 1








AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff








1 17 1.96 16 13 -3
118 2.2 22 21 -1
1 19 2.41 28 32 4
120 2.93 46 46 0
121 3.68 50 50 0
C 1.32 1.3 -0.02
122 0.56 0 0 0
123 0.78 4 3 -1
124 1.04 14 13 -1
125 1.24 24 24 0
126 1.51 35 35 0
127 1.81 42 46 4
128 2.09 49 49 0
D 1.67 1.68 0.01
129 0.57 0 0 0
130 0.98 1 0 - 1
131 1.25 5 3 -2
132 1.46 17 13 -4
133 1.71 24 29 5
134 2 40 40 0
135 2.13 47 48 1
E 1.77 1.77 0.00
136 1.06 2 1 - 1
137 1.22 4 3 - 1
138 1.53 13 9 -4
139 1.75 22 20 -2
140 1.93 35 35 0
141 2.15 42 46 4
142 2.54 48 50 2
Light brown A 0.93 0.9 -0.03
143 0.27 2 1 - 1
144 0.49 2 3 1
145 0.73 17 10 7
146 0.96 23 29 6
147 1.26 47 47 0
148 1.53 48 50 2
149 1.93 49 50 1
B 1.39 1.39 0.00
150 0.47 0 0 0
151 0.78 1 1 0
152 1.24 16 14 -2
153 1.53 38 35 -3
154 1.83 43 48 5
155 2.03 48 49 1
156 2.31 50 50 0
C 1.46 1.48 0.02





























158 0.98 5 2 -3
159 1.33 14 1 1 -3
160 1.5 25 29 4
161 1.83 45 43 -2
162 2.01 46 48 2
D 1.6 1.59 -0.01
163 0.7 1 0 - 1
164 0.96 2 1 -1
165 1.22 14 14 0
166 1.75 33 34 1
167 1.99 39 39 0
168 2.25 45 47 2
169 3.03 50 50 0
E 1.13 1.14 0.01
170 0.24 0 0 0
171 0.86 5 3 -2
172 1.08 19 17 -2
173 1.25 37 39 2
174 1.45 46 47 1
175 2.01 50 50 0
176 2.21 50 50 0
Grayish purple A 0.96 0.94 -0.02
177 0.24 0 0 0
178 0.75 15 14 -1
179 1.23 42 41 - 1
180 1.49 46 49 3
181 1.7 48 50 2
182 1.99 50 50 0
B 1.47 1.47 0.00
183 0.54 0 0 0
184 1.03 2 2 0
185 1.28 16 14 -2
186 1.48 31 32 1
187 1.82 41 41 0
188 2.06 46 48 2
189 2.26 50 50 0
C 1.42 1.42
0.00
190 0.74 0 0 0
191 1.04 3 3 0
192 1.21 9 8
- 1
193 1.44 36 36 0
194 1.82 45 45 0
195 1.99 47 48 1
D 1.23
1.23 0.00
196 0.7 2 2 0
197 0.95 8 6 -2





























199 1.42 37 39 2
200 1.78 48 48 0
201 2.01 49 49 0
E 2.87 2.88 0.01
202 1.25 0 0 0
203 1.49 0 0 0
204 1.73 2 0 -2
205 2.02 2 2 0
206 2.23 4 4 0
207 2.44 14 13 - 1
208 2.85 25 25 0
209 3.04 33 33 0
210 3.91 47 47 0
Dark redish A 0.95 0.94 -0.01
orange
211 0.35 2 1 - 1
212 0.49 4 5 1
213 0.76 18 12 -6
214 1 25 30 5
215 1.26 44 45 1
216 1.52 47 47 0
217 2.01 49 50 1
B 1.95 1.94 -0.01
218 0.75 0 0 0
219 1.26 1 0
- 1
220 1.5 5 5 0
221 1.75 15 12 -3
222 2.02 24 27 3
223 2.15 42 44 2
224 2.49 46 47 1
225 2.97 50 50 0
C 1.54
1.54 0.00
226 0.5 0 0 0
227 0.99 4 4 0
228 1.24 20 17 -3
229 1.49 26 27 1
230 1.8 29 31 2
231 2 43 42
- 1
232 2.54 48 49 1
D
2.02 2.01 -0.01
233 1.14 3 1 -2
234 1.47 9 8
- 1
235 1.79 18 19
1
236 1.98 27 28
1
237 2.23 37 35
-2
238 2.54 36 40
4






























E 1.32 1.32 0.00
240 0.26 1 1 0
241 1.02 12 4 -8
242 1.23 16 22 6
243 1.51 37 38 1
244 1.77 43 44 1
245 2.04 48 49 1
246 2.56 50 50 0
Moderate A 1.18 1.19 0.01
yellow
247 0.46 2 1 - 1
248 0.74 6 3 -3
249 0.98 1 1 1 1 0
250 1.25 29 32 3
251 1.48 42 41 - 1
252 1.78 46 47 1
253 2.08 50 50 0
B 1.45 1.44 -0.01
254 0.64 2 1 - 1
255 0.91 4 3 - 1
256 1.22 13 1 1 -2
257 1.52 27 28 1
258 1.74 40 42 2
259 2.03 47 49 2
260 2.39 49 50 1
C 2.21 2.2 -0.01
261 0.76 0 0 0
262 1.03 0 0 0
263 1.22 2 2 0
264 1.75 1 1 7 -4
265 2.08 23 20 -3
266 2.28 25 30 5
267 2.5 36 37 1
268 2.84 44 46 2
269 3.17 47 48 1
D 1.63 1.63 0.00
270 0.82 1 0
- 1
271 1.04 4 1 -3
272 1.28 6 6 0
273 1.5 16 16 0
274 1.72 32 33 1
275 2.08 45 46 1
E 1.29 1.28 -0.01
276 0.72 1 0
- 1
277 0.95 6 4 -2
278 1.17 16 17 1
279 1.44 36 39 3
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Table XVIII (Cont.)
Color Center Vector Snyder AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







280 1.74 46 48 2
281 1.94 50 50 0
282 2.64 50 50 0
Grayish yellow A 0.86 0.86 0.00
green
283 0.28 2 1 - 1
284 0.47 3 3 0
285 0.74 24 21 -3
286 1 35 37 2
287 1.26 43 46 3
288 1.52 48 48 0
289 2 49 49 0
B 1.16 1.17 0.01
290 0.5 2 0 -2
291 0.8 4 3 - 1
292 1.02 19 17 -2
293 1.29 34 34 0
294 1.5 42 45 3
295 1.68 49 49 0
296 1.96 48 49 1
C 1.44 1.44 0.00
297 0.66 1 1 0
298 1.02 9 7 -2
299 1.27 14 13 - 1
300 1.54 26 26 0
301 1.76 39 43 4
302 1.98 50 50 0
303 2.42 50 50 0
D 1.21 1.21 0.00
304 0.71 1 1 0
305 0.99 13 8 -5
306 1.18 21 24 3
307 1.51 45 44 - 1
308 1.76 48 49 1
309 1.95 50 50 0
310 2.17 50 50 0
E 1.69 1.72 0.03
31 1 0.82 1 0
- 1
312 1.51 13 12
- 1
313 1.77 31 27 -4
314 1.96 39 43 4
315 2.37 48 49 1
316 2.53 48 49 1
317 3.25 50 50 0
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Table XVIII (Cont.)
Color Center Vector Snyder AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn








Number of Cases 317 45 45 45
Maximum 6 2.87 2.88 0.03
Minimum -8 0.79 0.78 -0.03
Mean 0.012 1.441 1.440 0
Stdev 1.950 0.469 0.471 0.012
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Table XIX: Comparing Phase II Unfiltered to Filtered
Frequencyv Da ta
Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







Light bluish A 1.20 1.26 0.06
green
1 1.01 8 8 0
2 1.19 36 31 5
3 1.53 37 40 -3
4 2.09 38 38 0
5 2.45 40 42 -2
B 2.38 2.38 0.00
6 1.90 17 9 8
7 2.23 20 21 - 1
8 2.50 25 30 -5
9 3.00 41 43 -2
10 3.99 47 49 -2
C 1.78 1.78 0.00
1 1 1.47 15 2 13
12 1.17 7 10 -3
13 1.69 22 23 - 1
14 2.00 36 37 - 1
15 2.51 42 47 -5
F 1.29 1.31 0.02
16 0.59 4 2 2
17 1.05 9 7 2
18 1.36 30 27 3
19 1.45 36 41 -5
20 1.95 46 47 - 1
21 2.43 49 49 0
G 1.69 1.68 -0.01
22 1.24 3 3 0
23 1.56 16 1 1 5
24 1.67 34 33 1
25 2.01 37 43 -6
26 2.38 47 49 -2
H 1.71 1.67 -0.04
27 1.29 17 8 9
28 1.63 13 22 -9
29 1.74 40 30 10
30 1.98 29 42 -13
31 2.57 36 47 -1 1
1 1.47 1.47 0.00
32 1.15 1 1 5 6
33 1.30 16 20 -4
34 1.68 42 34 8
35 1.82 32 44 -12
36 1.98 45 48 -3
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Table XIX (Cont.)
Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







Brilliant A 1.24 1.23 -0.01
greenish blue
37 0.47 4 1 3
38 0.76 25 22 3
39 0.95 29 25 4
40 1.27 20 22 -2
41 1.60 23 30 -7
42 1.88 41 41 0
B 1.51 1.67 0.16
43 1.26 17 9 8
44 1.68 32 30 2
45 1.78 35 32 3
46 2.15 22 35 -13
47 2.23 37 42 -5
C 2.05 2.07 0.02
48 1.42 1 1 4 7
49 1.70 16 16 0
50 2.18 31 34 -3
51 2.60 39 37 2
0
52 2.82 37 44 -7
F 1.02 1.00 -0.02
53 0.76 7 4 3
54 0.99 34 35 -1
55 1.43 47 44 3
56 1.69 33 49 -16
57 2.09 50 50 0
G 1.62 1.67 0.05
58 1.30 18 6 12
59 1.56 16 25 -9
60 1.72 35 31 4
61 2.04 34 39 -5
62 2.64 46 47
- 1
H 1.37 1.36 -0.01
63 0.98 8 7 1
64 1.37 31 20 1 1
65 1.40 16 30 -14
66 1.66 40 34 6
67 1.56 38 45 -7




69 1.74 23 11 12
70 2.12 24 18 6
71 2.24 17 27 -10
72 2.46 36 34
2
73 2.64 46 43
3




Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







Moderate A 1.34 1.34 0.00
purplish pink
75 0.89 4 3 1
76 1.04 20 13 7
77 1.24 28 28 0
78 1.56 29 32 -3
79 1.72 35 41 -6
80 1.87 43 43 0
B 2.41 2.41 0.00
81 1.47 7 1 6
82 1.94 12 13 - 1
83 2.26 18 21 -3
84 2.38 36 27 9
85 2.62 27 33 -6
86 2.94 34 36 -2
C 1.94 1.91 -0.03
87 1.45 14 10 4
88 1.82 23 20 3
89 2.04 25 24 1
90 2.11 28 37 -9
91 2.53 41 46 -5
F 1.70 1.68 -0.02
92 1.15 21 8 13
93 1.30 12 17 -5
94 1.59 26 14 12
95 1.76 15 26 -1 1
96 2.01 38 41 -3
G 1.58 1.58 0.00
97 0.50 2 0 2
98 0.62 1 1 0
99 0.83 8 6 2
100 0.97 5 10 -5
101 0.96 24 8 16
102 1.51 13 15 -2




104 0.82 5 2 3
105 1.18 4 5
- 1
106 1.33 18 14 4
107 1.62 28 28 0
108 1.92 37 40 -3
109 2.15 43 47 -4
1 1.72
1.69 -0.03
110 0.89 2 1 1
1 11 1.33 13 1 1 2
112 1.46 19 1.9 0
113 1.82 36 34 2
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Table XIX (Cont.)
Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







1 14 2.37 37 43 -6
Light gray A 1.26 1.30 0.04
1 15 1.09 16 15 1
1 16 1.31 34 27 7
117 1.54 29 37 -8
118 1.96 39 42 -3
119 2.14 44 43 1
120 2.30 42 47 -5
B 0.99 1.02 0.03
121 0.96 22 18 4
122 1.09 30 30 0
123 1.23 30 36 -6
124 1.49 42 42 0
125 2.04 46 48 -2
C 1.80 1.83 0.03
126 1.34 1 1 9 2
127 1.81 29 23 6
128 2.11 29 33 -4
129 2.17 38 42 -4
130 2.78 47 46 1
131 2.81 47 48 - 1
F 1.24 1.26 0.02
132 0.88 9 4 5
133 0.95 20 17 3
134 1.20 27 25 2
135 1.41 30 31 - 1
136 1.72 34 39 -5
137 1.86 45 48 -3
G 1.36 1.36 0.00
138 0.95 13 9 4
139 1.26 22 22 0
140 1.38 28 28 0
141 1.62 32 34 -2
142 1.88 37 42 -5
H 1.02 1.01 -0.01
143 0.52 4 3 1
144 0.82 14 8 6
145 1.05 21 25 -4
146 1.19 38 44 -6
147 1.66 49 49 0
1 1.56 1.55 -0.01
148 0.93 1 1 7 4
149 1.40 19 19 0
150 1.58 27 23 4
151 1.84 29 35 -6
152 2.01 39 43 -4
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Table XIX (Cont.)
Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







Strong orange A 0.34 1.61 1.27
yellow
153 1.42 23 17 6
154 1.54 32 25 7
155 1.75 27 30 -3
156 1.84 32 33 - 1
157 2.03 36 33 3
158 2.28 25 41 -16
B 1.80 1.88 0.08
159 1.39 21 13 8
160 1.68 22 20 2
161 2.08 25 26 - 1
162 2.34 31 35 -4
163 2.65 46 49 -3
C 5.13 4.46 -0.67
164 2.79 7 3 4
165 3.17 6 6 0
166 3.32 7 6 1
167 3.55 6 6 0
168 3.78 13 8 5
169 3.98 15 21 -6
F 1.97 2.10 0.13
170 1.62 17 14 3
171 1.85 31 21 10
172 2.05 22 26 -4
173 2.42 30 28 2
174 2.85 38 42 -4
175 3.76 46 47
- 1
G 2.14 2.06 -0.08
176 1.35 5 2 3
177 1.41 16 17
- 1
178 1.94 35 29 6
179 2.05 32 28 4
180 2.33 17 26 -9
181 2.40 26 31 -5
H 1.69 1.78
0.09
182 1.23 19 10 9
183 1.61 18 22 -4
184 2.05 34 32 2
185 2.43 39 42 -3
186 3.42 46 48 -2
1 2.02
2.10 0.08
187 1.58 17 9 8
188 2.14 17 21 -4
189 2.35 43 34 9
190 2.35 31 41 -10
191 2.61 39 39 I o I I
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Table XIX (Cont.)
Color Center Vector Reniff AE*ab Unfitted Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







192 2.94 40 46 -6
Black A 1.21 1.22 0.01
193 0.74 13 8 5
194 0.88 20 14 6
195 1.35 17 25 -8
196 1.51 37 35 2
197 1.73 42 47 -5
B 0.78 0.78 0.00
198 0.47 7 2 5
199 0.63 16 13 3
200 0.70 25 25 0
201 0.97 39 37 2
202 1.15 39 46 -7
C 1.30 1.28 -0.02
203 0.85 1 1 9 2
204 1.08 24 19 5
205 1.26 25 28 -3
206 1.46 30 27 3
207 1.53 26 34 -8
208 2.01 43 46 -3
F 1.08 1.10 0.02
209 0.44 10 5 5
210 0.87 15 9 6
211 1.09 20 25 -5
212 1.30 43 37 6
213 1.73 38 46 -8
G 1.06 1.06 0.00
214 0.65 8 5 3
215 0.89 23 20 3
216 1.20 27 29 -2
217 1.23 34 34 0
218 1.45 39 43 -4
H 1.02 1.05 0.03
219 0.69 10 3 7
220 0.78 23 1 1 12
221 0.84 16 17
- 1
222 1.10 25 28 -3
223 1.25 41 37 4
224 1.58 38 46 -8
1 0.94 0.94 0.00
225 0.65 8 6 2
226 0.77 22 18 4
227 1.02 33 33 0
228 1.23 33 38 -5
229 1.39 42 46 -4




Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







230 0.61 19 7 12
231 0.80 13 22 -9
232 1.17 38 31 7
233 1.31 38 37 1
234 1.56 26 42 -16
B 1.15 1.16 0.01
235 0.78 18 7 1 1
236 0.97 12 18 -6
237 1.10 24 22 2
238 1.36 33 34 -1
239 1.50 35 43 -8
240 2.11 48 48 0
C 1.57 1.51 -0.06
241 1.01 7 4 3
242 1.25 1 1 13 -2
243 1.45 24 24 0
244 1.78 36 35 1
245 1.95 35 45 -10
F 1.06 1.11 0.05
246 0.90 23 17 6
247 1.01 28 29 - 1
248 1.22 24 25 - 1
249 1.34 19 31 -12
250 1.57 46 35 1 1
251 1.95 35 49 -14
G 0.95 0.95 0.00
252 0.62 8 2 6
253 0.74 20 12 8
254 0.93 14 24 -10
255 1.10 42 37 5
256 1.27 38 46 -8
257 1.54 47 48
- 1
H 1.38 1.35 -0.03
258 0.62 5 4 1
259 1.01 23 10 13
260 1.29 13 23 -10
261 1.54 28 29
- 1
262 1.83 41 46 -5
1 0.91
0.93 0.02
263 0.60 1 1 6 5
264 0.84 20 15 5
265 0.93 25 27 -2
266 1.12 39 39 0




268 0.78 15 9 6 I
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Table XIX (Cont.)
Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







269 1.03 32 24 8
270 1.33 29 39 -10
271 1.35 44 39 5
272 1.63 38 47 -9
B 3.55 3.63 0.08
273 2.75 14 9 5
274 3.58 23 26 -3
275 4.07 40 32 8
276 4.21 31 39 -8
277 5.43 38 42 -4
C 1.40 1.43 0.03
278 0.86 1 1 5 6
279 1.15 21 15 6
280 1.37 18 23 -5
281 1.62 33 29 4
282 1.69 34 36 -2
283 1.96 39 46 -7
F 2.20 2.24 0.04
284 1.37 12 4 8
285 1.70 14 14 0
286 2.42 23 24
- 1
287 2.77 41 43 -2
288 3.71 47 49 -2
G 1.35 1.37
0.02
289 0.66 4 1 3
290 0.97 1 1 6 5
291 1.10 1 1 1 1 0
292 1.32 18 18 0
293 1.43 26 28 -2
294 1.77 47 47 0
H
1.43 1.51 0.08
295 1.08 13 4 9
296 1.23 13 18 -5
297 1.44 42 36 6
298 1.68 36 34 2
299 2.15 26 34 -8
300 2.24 39 42 -3
I
1.19 1.18 -0.01
301 0.65 5 2
3
302 1.10 30 29
1
303 1.44 41 38
3
304 1.75 34 42
-8
305 2.19 39 47
-8
Very dark red A
1.01 1.06 0.05
306 0.75 12 9
3
307 0.98 38 2.8
10
308 1.12 28 29
- 1
309 | 1.29 23 | 32 -9 '
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Table XIX (Cont.)
Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







310 1.53 36 39 -3
B 1.69 1.73 0.04
311 1.19 14 7 7
312 1.54 14 12 2
313 1.88 29 31 -2
314 2.18 43 41 2
315 2.29 42 50 -8
C 1.71 1.63 -0.08
316 0.72 4 1 3
317 1.26 12 1 1 1
318 1.57 21 21 0
319 1.72 32 29 3
320 1.98 28 39 -1 1
F 1.45 1.42 -0.03
321 0.67 5 1 4
322 1.09 12 7 5
323 1.09 16 10 6
324 1.47 14 21 -7
325 1.62 40 42 -2
G 1.65 1.65 0.00
326 0.98 7 4 3
327 1.28 20 20 0
328 1.46 29 27 2
329 1.75 22 24 -2
330 1.96 26 28 -2
331 2.28 42 43 - 1
H 1.80 1.80 0.00
332 1.33 13 1 1 2
333 1.62 18 16 2
334 1.74 24 24 0
335 2.05 32 28 4
336 2.14 32 39 -7
337 2.32 42 45 -3
1 1.30 1.33 0.03
338 0.76 8 3 5
339 0.98 12 13 -1
340 1.29 33 26 7
341 1.56 29 35 -6
342 1.90 43 43 0
Dark blue A 1.01 1.02 0.01
343 0.70 12 7 5
344 0.94 24 26 -2
345 1.04 29 30
- 1
346 1.33 34 36 -2
347 1.47 42 41 1































349 1.15 13 1 1 2
350 1.31 26 27 -1
351 1.78 39 40 -1
352 2.38 45 47 -2
353 2.69 46 48 -2
C 1.18 1.15 -0.03
354 0.48 1 1 0
355 0.82 1 1 6 5
356 1.11 24 27 -3
357 1.52 43 43 0
358 2.09 46 49 -3
F 0.93 0.98 0.05
359 0.77 16 13 3
360 1.00 25 24 1
361 1.11 35 37 -2
362 1.28 45 37 8
363 1.51 33 43 -10
364 1.77 46 46 0
G 1.69 1.73 0.04
365 1.07 7 4 3
366 1.40 26 18 8
367 1.75 21 24 -3
368 1.91 27 30 -3
369 2.29 43 43 0
H 1.04 1.05 0.01
370 0.51 8 3 5
371 0.92 1 1 10 1
372 0.98 25 22 3
373 1.08 39 32 7
374 1.29 30 40 -10
375 1.44 37 42 -5
1 1.37 1.74 0.37
376 1.45 26 13 13
377 1.68 24 31 -7
378 1.73 33 24 9
379 1.97 19 33 -14
380 2.19 38 31 7
381 2.51 30 44 -14
Moderate blue F 1.01 1.06
0.05
382 0.96 20 14 6
383 1.07 28 30 -2
384 1.31 42 41 1
385 1.60 42 46 -4
386 1.67 46 49 -3
G 1.13
1.18 0.05
387 0.91 29 19 10
388 1.01 26 22 4





























390 1.29 26 25 1
391 1.53 38 42 -4
H 0.87 0.87 0.00
392 0.59 6 6 0
393 0.80 30 22 8
394 0.94 31 35 -4
395 1.12 34 39 -5
396 1.57 46 48 -2
1 1.53 1.53 0.00
397 1.12 6 2 4
398 1.48 9 13 -4
399 1.52 50 38 12
400 1.84 35 45 -10
401 2.03 36 44 -8
402 2.51 48 49 - 1
Moderate F 1.18 1.24 0.06
greenish blue
403 1.00 21 8 13
404 1.11 22 19 3
405 1.31 22 31 -9
406 1.57 46 44 2
407 1.79 44 48 -4
G 1.00 1.00 0.00
408 0.68 6 3 3
409 0.90 22 21 1
410 1.08 35 34 1
411 1.31 34 41 -7
412 1.40 45 47 -2
H 1.20 1.19 -0.01
413 0.81 9 4 5
414 1.09 16 15 1
415 1.20 32 32 0
416 1.37 42 36 6
417 1.60 29 45 -16
1 0.86 0.87
0.01
418 0.72 14 1 1 3
419 0.93 29 33 -4
420 1.04 46 42 4
421 1.17 37 42 -5
422 1.33 32 43 -1 1
423 0.06 2 0 2
Moderate bluish F 1.28
1.28 0.00
green
424 0.96 14 10 4
425 1.24 23 23 0
426 1.43 32 32 0
427 1.51 29 36 -7
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Table XIX (Cont.)
Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







428 1.79 47 48 -1
G
1.47 1.49 0.02
429 0.92 6 1 5
430 1.20 3 5 -2
431 1.54 33 22 1 1
432 1.59 29 40 -1 1
433 1.77 46 45 1
434 2.14 46 50 -4
H 1.29 1.29 0.00
435 0.84 16 8 8
436 1.04 15 13 2
437 1.16 23 21 2
438 1.36 20 27 -7
439 1.62 32 36 -4
440 1.77 45 46 -1
1 1.15 1.17 0.02
441 0.92 13 10 3
442 1.16 28 25 3
443 1.49 45 42 3
444 1.42 32 38 -6
445 1.54 44 48 -4
Medium gray F 1.01 1.03 0.02
446 0.46 4 2 2
447 0.88 21 15 6
448 1.07 21 23 -2
449 1.20 29 33 -4
450 1.29 43 43 0
451 1.37 46 48 -2
G 1.02 1.01 -0.01
452 0.60 2 1 1
453 0.75 12 1 1 1
454 1.30 42 46 -4
455 1.23 37 34 3
456 1.44 47 49 -2
457 1.68 47 50 -3
H 0.87 0.87 0.00
458 0.59 5 3 2
459 0.78 14 1 1 3
460 0.88 25 29 -4
461 1.02 44 44 0
462 1.22 45 47 -2
1 0.94 0.93 -0.01
463 0.57 5 2 3
464 0.80 10 10 0
465 0.93 36 30 6
466 1.04 32 3.7 -5
467 1.27 38 45 -7
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Table XIX (Cont.)
Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







Light brown F 1.45 1.49 0.04
468 1.27 14 12 2
469 1.42 29 23 6
470 1.69 31 35 -4
471 1.82 37 41 -4
472 1.97 45 45 0
473 2.34 45 50 -5
G 1.08 1.07 -0.01
474 0.70 6 3 3
475 0.87 10 7 3
476 0.95 18 18 0
477 1.20 38 40 -2
478 1.63 45 48 -3
H 1.17 1.15 -0.02
479 0.67 4 3 1
480 0.88 14 12 2
481 1.20 34 28 6
482 1.36 30 38 -8
483 1.56 38 43 -5
1 1.02 1.01 -0.01
484 0.62 8 2 6
485 0.80 12 12 0
486 0.94 25 23 2
487 1.20 38 37 1
488 1.42 38 46 -8
Grayish purple F 1.06 1.02 -0.04
489 0.69 15 3 12
490 0.76 7 12 -5
491 0.92 16 15 1
492 1.01 26 25 1
493 1.19 31 38 -7
G 1.40 1.42 0.02
494 1.08 16 5 1 1
495 1.19 18 15 3
496 1.31 24 20 4
497 1.51 21 27 -6
498 1.77 41 44 -3
H 1.02 1.03
0.01
499 0.84 14 10 4
500 0.99 29 23 6
501 1.04 29 31 -2
502 1.19 28 33 -5
503 1.27 35 39 -4
1 1.38
1.25 -0.13
504 0.64 13 3 10
505 0.96 14 14 0
506 1.08 23 23 0
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Table XIX (Cont.)
Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







507 1.36 27 31 -4
508 1.38 32 30 2
509 1.58 21 35 -14
Dark reddish F 1.65 1.61 -0.04
orange
510 1.30 8 4 4
511 1.44 18 14 4
512 1.55 26 28 -2
513 1.66 33 37 -4
514 1.92 43 37 6
515 2.25 27 46 -19
G 0.39 0.90 0.51
516 1.03 26 24 2
517 1.19 16 22 -6
518 0.09 28 19 9
519 1.48 30 30 0
520 1.67 38 41 -3
H 1.57 1.59 0.02
521 1.29 22 5 17
522 1.43 8 10 -2
523 1.53 15 15 0
524 1.59 32 33 - 1
525 1.90 42 45 -3
1 1.18 1.25 0.07
526 1.15 28 9 19
527 1.19 21 31 -10
528 1.41 33 36 -3
529 1.53 36 43 -7
530 1.62 45 44 1
531 1.91 45 49 -4
Moderate F 1.45 1.47 0.02
yellow
532 1.12 14 9 5
533 1.56 27 27 0
534 1.69 36 36 0
535 1.88 37 47 -10
536 2.13 46 50 -4
G 1.39 1.40 0.01
537 1.00 12 9 3
538 1.27 23 20 3
539 1.49 30 25 5
540 1.59 28 36 -8
541 1.87 37 42 -5
542 1.93 43 47 -4
H 1.27 1.30 0.03
543 0.90 8 5 3





























545 1.29 21 28 -7
546 1.44 31 35 -4
547 1.81 44 46 -2
1 1.16 1.15 -0.01
548 0.79 4 5 - 1
549 0.99 21 16 5
550 1.27 38 28 10
551 1.37 27 35 -8
552 1.59 44 46 -2
Grayish yellow F 0.80 0.96 0.16
green
553 0.94 7 17 -10
554 0.04 21 5 16
555 1.20 36 33 3
556 1.48 45 42 3
557 1.66 33 48 -15
G 1.32 1.43 0.11
558 1.23 20 10 10
559 1.39 23 26 -3
560 1.49 35 35 0
561 1.82 37 39 -2
562 2.25 38 45 -7
H 1.06 1.09
0.03
563 0.78 19 2 17
564 0.89 9 17 -8
565 1.08 29 24 5
566 1.27 34 36 -2
567 1.50 36 46 -10
568 1.61 49 50 -1
1
1.00 1.01 0.01
569 0.65 5 2 3
570 0.80 22 12 10
571 1.03 16 26 -10
572 1.27 43 39
4
573 1.37 42 48 -6




575 0.74 13 12
1
576 1.13 31 27
4
577 1.22 35 40
-5
578 1.50 46 46
0




580 2.11 4 1
3
581 2.60 12 8
4
582 2.82 27 18
9
583 3.01 I 18 I 25 -7
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Table XIX (Cont.)
Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







584 3.72 29 34 -5
Moderate A 1.01 1.01 0.00
greenish blue
585 0.59 4 1 3
586 0.69 25 10 15
587 0.76 14 22 -8
588 0.90 21 25 -4
589 1.28 33 35 -2
D 1.55 1.53 -0.02
590 1.02 4 4 0
591 1.35 25 19 6
592 1.55 27 30 -3
593 1.90 33 36 -3
594 2.11 42 46 -4
Medium gray B 0.87 0.87 0.00
595 0.52 7 4 3
596 0.76 18 16 2
597 0.91 27 26 1
598 0.94 31 33 -2
599 1.21 41 47 -6
Light brown C 1.61 1.62 0.01
600 0.93 4 2 2
601 1.37 20 1 1 9
602 1.55 21 24 -3
603 1.85 32 34 -2
604 1.95 38 41 -3
Grayish purple C 1.78 1.67 -0.1 1
605 1.01 2 0 2
606 1.22 8 7 1
607 1.23 17 1 1 6
608 1.44 16 17
- 1
609 1.65 22 22 0




611 1.04 5 1 4
612 1.35 12 1 1 1
613 1.42 17 9 8
614 1.40 0 6 -6
615 1.77 24 27
-3





617 0.29 6 1
5
618 0.83 14 11
3
619 0.84 17 19
-2




Color Center Vector Reniff AE*ab Unfltred Filtered Freq. Unfltred Filtered T50 diff
Set Sample Freq. of Freq. of diff T50 T50 btwn







621 1.18 31 37 -6
B 2.58 2.49 -0.09
622 1.60 8 3 5
623 2.03 14 14 0
624 2.21 17 16 1
625 2.43 23 22 1
626 2.94 32 38 -6
C 1.22 1.22 0.00
627 0.81 8 5 3
628 1.03 19 18 1
629 1.23 25 26 - 1
630 1.56 40 38 2
631 1.73 41 47 -6
D 1.78 1.78 0.00
632 1.12 10 7 3
633 1.52 23 12 1 1
634 1.69 16 28 -12
635 2.20 36 43 -7
636 2.19 36 31 5
E 1.81 1.83 0.02
637 1.17 9 7 2
638 1.59 25 17 8
639 1.78 23 23 0
640 1.94 26 27 - 1
641 2.11 31 35 -4
642 2.50 41 45 -4
Statistics
Number of Cases 642 119 119 1 19
Maximum 19 5.1333 4.46 1.274
Minimum -19 0.3356 0.78 -0.673
Mean -0.131 1.4176 1.440 0.022
Stdev 5.767 0.5855 0.534 0.150
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V. Filtering Effectiveness and Data Pooling
A. Filtering Effectiveness
There were three independent goals for using a filter on the
response data: 1) to not destroy, bias or otherwise interfere with the
underlying information in the data; 2) to remove the effect which the
intra-observer noise had on the calculation of the inter-observer
model fit; 3) to remove the effect which the intra-observer noise had
in the calculation of the inter-observer variance. It was determined,
as described in Chapter III, that the major differences between
Phase I and Phase II was the observer task difficulty and that this
was causing an increase in intra-observer noise. The Probit analysis
procedure was not designed to handle such noise and was
misinterpreting it as between-observer variation. By carefully
preserving the data's integrity while attenuating observer
uncertainty, derived metrics should be more robust, have had more
validity and, if the statistical differences between the Phase I and II
populations became insignificant, the filtering would allow a pooling
of the results.
The Phase I data were considered relatively free from
intra-
observer noise, while the Phase II data were, in contrast, very noisy.
Since Phase I had little intra-observer noise, a filter that attenuated
such noise should have had little impact on its calculated T50's, x2
probability terms and standard deviations. Based on the experience
of Stroka's20 experiments, noise like that found in the Phase II data
would not have destroyed the accuracy of the pre-filtered T50's. The
first goal outlined above was to preserve the underlying information.
This was considered satisfied once it was shown that the filtering
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procedure had little impact on Phase I and Phase II T50's, Phase I x2
probability terms and Phase I standard deviations. Every Phase I
T50 and 91% of the Phase II T50's changed by less than 0.10 AE*ab
units. Only three Phase II T50's changed by more than 0.20 AE*ab
units. For the Phase I data, there was little effective change between
unfiltered and filtered x2 probability terms: there was an average
drop of 0.04 units and a net decrease of 1 vector passing the good
model fit test of 0.05. Standard deviations for Phase I vectors also
changed little with an average decrease of 0.05 units after filtering.
The filter was, thus, considered to have satisfied the first goal.
The second goal was to remove the effect of noisy observer
responses from the calculation of the goodness of model fit as
manifested in the x2 probability term. As was hoped, the filtering
procedure had a large impact on the Phase II x2 probability terms
with an average increase of 0.12 units. This resulted in 54% more
vectors passing the goodness of fit measured by comparing
x2
probability terms to 0.05. The second goal was satisfied.
The standard deviation value was a measurement of the
precision with which the population performed the requested task.
The third goal for applying the filter was to decrease the magnitude
of the standard deviations by removing within-observer noise from
the calculation. After filtering, Phase II standard deviations fell by
an average of 0.35 units, thus satisfying the third goal.
B. Data Pooling
Having been satisfied that the three goals for appropriate filter
application had been met, t-tests were performed on the filtered
75
data in a similar fashion to those summarized for unfiltered data in
Table XII. Metrics associated with the filtered Moderate Bluish
Green color center were compared to determine if the Phase I and II
populations were sufficiently similar allowing a pooling of the
results. Table XX shows the results of these t-tests.
Table XX: T-test Comparison of Phase I and II Filtered
Moderate Bluish Green Responses
Moderate Bluish Green was the only color center fully repeated between the Phases.
n = 5
T50 yjL prob. stdev
mean stdev prob mean stdev prob mean stdev prob
Phase 1 1.60 0.50 0.78 0.13 0.32 0.06
0.86 0.20 0.06
Phase II 1.66 1.59 0.51 0.38 0.50 0.14
At a 95% confidence level, probabilities of greater than 0.05
imply that the two populations were the same. With respect to T50,
X2
probability term and standard deviation, the filtered Phase
I and
Phase II populations were not significantly different. Thus, a pooling
of the results was enabled.




Table XXI: Filtering results summary:
Corrected version of first eight columns of previously published summary table (Berns, et
al"*, Table IV). Column three denotes which experiment generated the raw data. When
both experiments probed the same vector, that with highest precision was chosen.






A 1 0.96 0.88 1.04 0.43 0.04
B 1 1.37 1.28 1.44 0.40 0.01
C 1 1.55 1.45 1.61 0.38 0.69
D II 1.01 0.93 1.08 0.34 0.30
E II 3.22 3.08 3.39 0.73 0.06
F II 1.06 0.98 1.13 0.32 0.14
G II 1.18 0.56 0.01
H II 0.87 0.80 0.92 0.32 0.08
1 II 1.53 0.57 1.94 0.34 0.00
A 1 0.78 0.73 0.85 0.31 0.53
B 1 1.62 1.53 1.68 0.37 0.65
C 1 1.62 1.24 2.00 0.38 0.00
D II 1.53 1.45 1.61 0.44 0.20
E 1 1.48 1.39 1.60 0.49 0.00
F II 1.24 1.18 1.29 0.29 0.67
G II 1.00 0.95 1.05 0.27 0.18
H II 1.19 1.14 1.24 0.29 0.20
1 II 0.87 0.60 1.00 0.30 0.02
A 1 0.94 0.88 0.99 0.21 1.00
B II 0.87 0.82 0.91 0.23 0.79
C 1 1.32 1.23 1.42 0.41 0.45
D 1 0.93 0.87 0.97 0.21 0.85
E 1 1.27 1.22 1.37 0.28 0.93
F II 1.03 0.98 1.08 0.27 0.12
G II 1.01 0.87 1.13 0.25 0.04
H II 0.87 0.83 0.90 0.18 0.07
1 II 0.93 0.89 0.97 0.22
0.14
A 1 0.96 0.89 1.00 0.25
0.92
A II 0.98 0.92 1.05 0.31
0.37
B 1 2.28 2.21 2.37 0.41
0.87
B II 2.49 2.38 2.63 0.63
0.80
C 1 1.30 1.25 1.38 0.35
0.84
C II 1.22 1.15 1.29 0.37
0.41
D 1 1.68 1.61 1.73
0.29 0.66
D II 1.78 1.15 2.48
0.60 0.01
E 1 1.77 1.71 1.84
0.31 0.62
E II 1.83 1.73 1.92
0.57 0.96
F II 1.28 1.21 1.34
0.35 0.74
G II 1.49 1.36 1.59
0.23 0.04
H II 1.29 1.22
1.36 0.43 0.59
1 II 1.17 1.10 1.22
0.29 0.38
A 1 0.90 0.75
1.11 0.25 0.71










C II 1.62 1.55 1.70 0.39 0.68
D 1 1.59 1.51 1.68 0.42 0.25
E 1 1.14 1.09 1.18 0.18 0.94
F II 1.49 1.42 1.56 0.35 0.90
G II 1.07 0.93 1.27 0.25 0.04
H II 1.15 1.08 1.21 0.34 0.81
1 II 1.01 0.96 1.06 0.27 0.56
A 1 0.94 0.87 1.03 0.28 0.89
B 1 1.47 1.41 1.53 0.31 0.31
C II 1.67 1.59 1.80 0.49 0.83
D 1 1.23 1.17 1.29 0.31 0.34
E 1 2.88 2.77 2.98 0.53 0.60
F II 1.02 0.97 1.07 0.26 0.25
G II 1.42 1.36 1.48 0.32 0.34
H II 1.03 0.98 1.08 0.29 0.28
1 II 1.25 1.17 1.33 0.49 0.41
A 1 0.94 0.81 1.09 0.31 0.61
B 1 1.94 1.88 2.01 0.30 0.27
C II 1.73 1.68 1.79 0.28 0.26
D 1 2.01 1.92 2.11 0.59 0.27
E 1 1.32 1.24 1.39 0.36 0.00
F II 1.61 1.34 1.83 0.37 0.00
G II 0.90 1.71 0.02
H II 1.59 1.55 1.63 0.22 0.06
1 II 1.25 0.86 1.39 0.29 0.00
A 1 1.19 1.12 1.25 0.32 0.70
B 1 1.44 1.38 1.52 0.32 0.80
C 1 2.20 2.13 2.30 0.48 0.90
D 1 1.63 1.56 1.70 0.29 0.94
E 1 1.28 1.24 1.35 0.23 0.93
F II 1.47 1.39 1.53 0.31
0.24
G II 1.40 1.32 1.46 0.41
0.48
H II 1.30 1.24 1.36 0.33
0.47
1 II 1.15 1.10 1.20 0.28
0.32
A 1 0.86 0.64 1.07 0.33
0.00
B 1 1.17 1.09 1.21 0.27
0.07
C 1 1.44 1.37 1.50 0.32
0.19
D 1 1.21 1.15 1.26
0.25 0.99
E 1 1.72 1.61 1.77
0.31 0.44
F II 0.96 0.43 1.26
0.56 0.03
G II 1.43 -1 .06 1.80
0.53 0.01
H II 1.09 1.04 1.14
0.26 0.06
1 II 1.01 0.97 1.06
0.24 0.23
A II 1.22 1.13 1.30
0.47 0.11
B II 0.78 0.74 0.83
0.25 0.10
C II 1.28 1.20
1.37 0.54 0.50









G 1 1 1.06 1.00 0.42
H 1 I 1.05 1.00 1.11 0.33 0.31
1 1 I 0.94 0.88 1.00 0.32 0.25
Light bluish green A 1 I 1.26 0.99 0.00
B 1 I 2.38 2.26 2.50 0.63 0.43
C 1 I 1.78 1.71 1.86 0.40 0.51
F 1 1 1.31 1.00 1.58 0.39 0.00
G 1 I 1.68 1.45 1.91 0.29 0.02
H 1 I 1.67 1.58 1.75 0.45 0.12
1 1 I 1.47 1.40 1.53 0.31 0.15
Moderate reddish brown A 1 I 1.01 0.91 1.09 0.50 0.24
B 1 I 1.16 1.08 1.23 0.43 0.25
C 1 I 1.51 1.44 1.58 0.38 0.61
F 1 I 1.11 0.63 1.32 0.60 0.04
G 1 I 0.95 0.91 1.00 0.26 0.15
H 1 I 1.35 1.27 1.43 0.45 0.24
1 1 I 0.93 0.88 0.98 0.27 0.68
Dark bluish green A 1 I 1.07 1.00 1.14 0.35 0.95
B 1 1 3.63 3.35 3.86 1.37 0.06
C 1 1 1.43 1.35 1.50 0.45 0.62
F 1 1 2.24 2.11 2.38 0.69 0.09
G 1 1 1.37 1.31 1.43 0.32 0.59
H 1 I 1.51 0.74 0.00
1 1 I 1.18 0.47 1.55 0.51 0.00
Brilliant greenish blue A 1 I 1.23 0.55 2.27 0.80 0.00
B 1 1 1.67 1.54 1.77 0.60 0.10
C 1 1 2.07 1.95 2.18 0.62 0.11
F 1 1 1.00 0.17 1.40 0.30 0.00
G 1 I 1.67 1.26 1.96 0.51 0.04
H 1 I 1.36 1.13 1.52 0.36 0.02
1 1 I 2.19 2.11 2.27 0.46 0.47
Very dark red A I I 1.06 0.96 1.15 0.52 0.10
B 1 1 1.73 1.45 1.96 0.39 0.03
C 1 I 1.63 1.55 1.72 0.45 0.98
F 1 I 1.42 0.33 0.02
G 1 I 1.65 1.25 2.09 0.72 0.01
H 1 I 1.80 1.71 1.88 0.52 0.18
1 1 I 1.33 1.25 1.41 0.46 0.44
Moderate purplish pink A 1 I 1.34 1.27 1.41 0.43 0.06
B 1 I 2.41 2.32 2.52 0.63 0.29
C 1 I 1.91 1.83 2.00 0.48 0.15
F 1 I 1.68 1.34 2.69 0.53 0.02
G 1 I 1.58 1.47 1.73 0.55 0.06
H 1 I 1.58 1.51 1.65 0.38 0.77
1 1 I 1.69 1.60 1.79 0.50 0.18
Dark blue A 1 I 1.02 0.94 1.08 0.42 0.14








C II 1.15 1.08 1.23 0.35 0.11
F II 0.98 0.88 1.06 0.48 0.19
G II 1.73 1.63 1.83 0.55 0.40
H 1 1.05 1.00 1.11 0.33 0.08
1 1 1.74 1.09 2.00 0.74 0.04
A 1 1.30 1.13 1.41 0.66 0.36
B 1 1.02 0.88 1.12 0.50 0.28
C 1 1.83 1.71 1.93 0.57 0.30
F 1 1.26 1.06 1.44 0.43 0.03
G 1 1.36 1.27 1.44 0.50 0.85
H 1 1.01 0.82 1.22 0.26 0.02
1 1 1.55 1.46 1.64 0.52 0.60
A 1 1.61 1.44 1.73 0.74 0.70
B 1 I 1.88 1.36 2.22 0.63 0.04
C 1 I 4.46 4.13 5.30 0.98 0.17
F 1 I 2.10 1.92 2.25 0.98 0.55
G 1 I 2.06 0.88 0.00
H 1 I 1.78 1.62 1.92 0.79 0.48







156 150 150 156 156
0.780 -1.060 0.830 0.180 0.000
4.460 4.130 5.300 1.710 1.000
1.437 1.281 1.569 0.433 0.339
0.513 0.558 0.583 0.208 0.315
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VI. Color-Difference Equation Testing
A. Comparison of Filtered Data With Color-Difference
Formulae
In order to compare the visual scaling data with various
color-
difference formulae, each formula was used to calculate the color-
distance between the XYZ tristimulus values for each color center and
the XYZ tristimulus values which were exactly T50 distance in the
positive direction of each vector from the color center. XYZ8
Euclidean distance, CIELAB, CIELUV7, SVF9, FMC210'11, BFD(1:1)12>13,
CMC(1:1)14>15, and the NBS Unit of Color Difference1 6.1 7 were each
tested. 'C subroutines which accepted a pair of XYZ values and
returned the magnitude of the respective metric were implemented
for all the above color-space formulae. Source code for these
routines are included in Appendix C.
The results of calculating the eight color-difference formulae
between the color centers and the T50 points appear in Table A-III.
Recall that each T50 distance represents a single industrial-sized
color-difference visual unit. If any of the color-difference formulae
had returned an identical number for every row in Table A-III, then
it would have been easy to declare that equation as being uniform
across color-space with respect to human industrial-sized
color-
difference perception.
In order to normalize the color-difference values for further
comparison, the mean for each formula was divided out from each
calculated color-difference. From that the minimum, maximum,
range, mean and standard deviation were calculated. See Table XXII.
81








Number of Cases 156 156 156 156 156 156 156 156
Minimum 0.07 0.5 0.392 0.354 0.537 0.331 0.576 0.066
Maximum 4.478 2.697 2.489 2.558 3.111 2.279 2.125 2.538
Range 4.408 2.197 2.098 2.204 2.575 1.948 1.549 2.472
Mean 1 1 1 1 1 1 1 1
Standard Deviation 0.778 0.346 0.389 0.396 0.358 0.388 0.286 0.476
A metric which reflected perfect correlation with human
industrial-sized color-difference perception, as measured by these
studies, would have minimum and maximum of one, range of zero,
and standard deviation of zero. CMC(1:1) has both the minimum and
maximum closest to one, the lowest range, and the lowest standard
deviation. Thus, for every category explicit in Table XXII, CMC(1:1)
performs the best. There is no clear second best: SVF has the second
lowest standard deviation, FMC2 has the second lowest range,
CIELAB has the minimum which is second closest to one and FMC2
has the maximum which is second closest to 1.
The Kolmogrov-Smirnov
test66 allows for the comparison of
independent distributions to determine whether they came
from the
same population. The normalized color-difference
metrics treated
above were compared to each other using the
Kolmogrov-Smirnov
test in order to attach a significance to the
differences displayed in
Table XXII. To a confidence level of 95%, the
hypothesis that each
pair of distributions emerged from the same
population was tested.
The performance of CMC(1:1) was found to
be statistically
distinguishable from all of the other metrics.
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Table XXIII: Kolmogorov-Smirnov Test
n = 158
Ho: samples came from identical continuous distributions




XYZ reject reject reject reject reject reject reject
SVF reject reject reject equal equal reject reject
NBS reject reject equal equal equal reject reject
L*u*v*
reject reject equal equal equal reject reject
L*a*b*
reject equal equal equal equal reject reject
FMC2 reject equal equal equal equal reject equal
CMC(1:1) reject reject reject reject reject reject reject
BFD(1:1) reject reject reject reject reject equal reject
Another way to visualize the color-difference metric
comparisons is through a cumulative histogram. The normalized
color-differences associated with each formula were sorted in
ascending order and a cumulative percentage
assigned to each
normalized measurement. A perfect match to industrial-sized
color-
difference perception would display a step function which transitions
at one.
A study of Figure 9 reveals that
unlike the other formulae,
dXYZ does not appear to have any trends connected with unity. BFD,
and to a lesser extent, FMC2, appear to have bimodal histograms
indicating that these formulae are each reacting
in two distinct ways
















Figure 9: Combined Color-difference
Cumulative Histogram
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It is interesting to note that by the criteria explained above,
CMC(1:1) has outperformed BFD(1:1). As introduced in Chapter II,
Section B, BFD(l:c) was specifically designed as an improvement to
CMC(l:c). The above results imply that for industrial sized color-
differences, the changes were not successful in improving the


































Figure 10: Comparison of Average Normalized CMC(1:1) and
BFD(1:1) With Respect to Average Color
Center L*
Figure 10 shows a comparison of the normalized CMC(1:1) and
BFD(1:1) metrics corresponding to the pooled
Phase I and II color-
difference data with respect to increasing L*. Metrics were
normalized as above and the average
L* for each color center was
calculated from Table A-III. Recall that the perfect
industrial-sized
color-difference metric, after normalization,
would equal 1 for each
of these samples. Thus, the goal value is 1. Qualitatively,
Figure 10






approximately 25 and 80, CMC(1:1) and BFD(1:1) perform similarly,
straddling the goal value. When
L*
values become very high, Figure
10 implies that CMC(1:1) and BFD(1:1) both tend to predict a larger
color-difference than the observational data would indicate. For
very small
L*
values, Figure 10 shows BFD(1:1) to have superior










Figure 11: Comparison of Average Normalized CMC(1:1)
and
BFD(1:1) With Respect to
Vector Direction
Figure 11 is another view of the same data.
Normalized
CMC(1:1) and BFD(1:1) are compared
with respect to vector
directions. Referring to Tables II and IV,
vector direction A varies in
only L*, vector directions B
through E vary in
chromaticness only and
vector directions F through I vary in
both lightness and
chromaticness. Figure 11 demonstrates that CMC(1:1)
and BFD(1:1)
perform equally well for the
latter category, but for lightness alone
or chromaticness alone, CMC(1:1) performs
better. In fact, for
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lightness discrimination, BFD(1:1) appears to be systematically
underpredicting the response of the experimental observers to a
large degree, explaining the source of the lower maxima in the
BFD(1:1) curve in Figure 9.
Figures 10 and 11 demonstrate that in some ways BFD(1:1) did
improve on CMC(l:l)'s performance, particularly for
color-
differences between very dark colors, and in other ways there was a
degradation of performance. BFD(l:l)'s calculated discrimination
metrics between colors that vary simultaneously in lightness and
chromaticness were not adversely affected, but calculated
differences between colors varying in either lightness or
chromaticness alone did not perform as well as with CMC(1:1).
Lightness differences were affected the most.
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VII. Conclusions
In conclusion, it has been shown that the Phase II experiment
consisted of more difficult tasks than the Phase I experiment due to
the inclusion of color centers further from the anchor pair and vector
directions which were generally more difficult to judge. This caused
intra-observer noise to increase. A median filtering algorithm which
was designed to have minimal effect upon the raw data was
implemented in order to remove some of the most self-contradictory
observer behavior. The approach did not affect Phase I T50's and
had major impact, measured in tenths of single AE*ab unit, on
approximately 10% of the Phase II T50's. The filtered T50's were
compared to eight color difference formulae and CMC(1:1) was shown
to match the results the best.
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Appendix A: Tables
Table A- I: Comparing Current Frequencv Data to SnYr
Color Center Vecto Snyder AE*ab Current Snyder Freq. Current Snyder T50

























4 1.01 28 27 - 1
5 1.22 39 39
6 1.69 47 47
7 1.99 48 48
B 1.36 1.36 ...
8 0.53 1 1
9 0.82 5 5
10 1.14 16 16
1 1 1.4 31 31
12 1.75 40 41 1
13 1.96 46 46
14 2.35 47 47
C 1.53 1.54 0.01
15 0.48 0 0
16 1.19 14 14
17 1.47 22 22
18 1.74 31 30 - 1
19 1.96 41 41
20 2.21 47 47
21 2.45 49 50 1
D 1.11 1.12 0.01
22 0.34 0 0
23 0.42 3 3
24 0.76 5 5
25 1.09 22 22
26 1.22 39 39
27 1.49 41 41
28 1.89 47 47
E 2.82 2.81 -0.01
29 1.47 1 1
30 1.99 8 8
31 2.56 14 14
32 2.83 28 29 1
33 3.06 33 33
34 3.48 41 41
35 3.67 45 45
































Moderate A 0.79 0.8 0.01
greenish blue
37 0.25 3 3
38 0.5 7 6 - 1
39 0.75 25 25
40 0.97 36 36
41 1.21 47 47
42 1.56 47 47
43 1.8 50 50
B 1.61 1.62 0.01
44 0.72 1 1
45 0.96 3 3
46 1.43 14 14
47 1.8 37 37
48 2.05 41 41
49 2.26 48 47 - 1
50 2.33 48 48
C 1.63 1.61 -0.02
51 0.76 0 0
52 1.21 10 10
53 1.47 17 17
54 1.75 27 28 1
55 1.95 46 46
56 2.44 48 48
57 2.95 48 50 2
D 1.80 1.79 -0.01
58 1 3 3
59 1.35 13 13
60 1.56 17 17
61 1.85 22 23 1
62 2.12 44 44
63 2.62 44 44
64 3.18 48 49 1
E 1.49 1.51
0.02
65 0.73 3 3
66 0.98 8 8
67 1.57 33 31 -2
68 1.93 38 38
69 2.32 46 46
70 3.06 49 49











74 0.72 9 8
- 1
75 0.96 27 27
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Table A-I (Cont.):




























76 1.29 46 46
77 1.72 50 50















82 1 37 38 1
83 1.21 44 44
84 1.61 49 49
85 1.83 49 49
C 1.32 1.32
86 0.74 2 3 1
87 1.01 17 17
88 1.56 33 33
89 2.09 47 47
90 2.17 49 49
91 2.54 50 50
92 3.08 50 50
D 0.92 0.91
-0.01
93 0.48 1 1
94 0.71 9 12 3
95 0.96 30 30
96 1.2 43 43
97 1.43 49 49
98 1.66 50 50
99 2.19 50 50
E
1.29 1.3 0.01
100 0.9 6 6
101 1.18 19 19
102 1.4 32 31
- 1
103 1.91 47 47
104 2.29 50 50
105 2.43 50 50




















111 1.26 40 39
- 1
112 1.47 49 49
1 13 2.03 50 50
B
2.28 2.19
114 0.82 0 0
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Table A-I (Cont.):
Color Center Vectoi Snyder AE*ab Current Snyder Freq. Current Snyder T50











115 1.49 1 3 2
116 1.69 4 4
117 1.96 16 17 1
118 2.2 22 23 1
1 19 2.41 28 39 1 1
*
120 2.93 46 46
121 3.68 50 50
C 1.31 1.3 -0.01
122 0.56 0 0
123 0.78 4 4
124 1.04 14 14
125 1.24 24 23 - 1
126 1.51 35 36 1
127 1.81 42 43 1
128 2.09 49 50 1
D 1.67 1.66 -0.01
129 0.57 0 0
130 0.98 1 1
131 1.25 5 5
132 1.46 17 17
133 1.71 24 25 1
134 2 40 40
135 2.13 47 48 1
E 1.77 1.77
136 1.06 2 2
137 1.22 4 4
138 1.53 13 13
139 1.75 22 22
140 1.93 35 35
141 2.15 42 42
142 2.54 48 48
Light brown A
143 0.27 2 2
0.92 0.9 -0.02
144 0.49 2 3 1
145 0.73 17 18 1
146 0.96 23 23
147 1.26 47 47
148 1.53 48 48
149 1.93 49 50 1
B 1.39
1.37 -0.02
150 0.47 0 1 1
151 0.78 1 1
152 1.24 16 18 2
153 1.53 38 37
- 1
154 1.83 43 43































156 2.31 50 50
C 1.46 1.46
157 0.54 2 2
158 0.98 5 5
159 1.33 14 14
160 1.5 25 26 1
161 1.83 45 45
162 2.01 46 46
D 1.59 1.6 0.01
163 0.7 1 1
164 0.96 2 2
165 1.22 14 14
166 1.75 33 33
167 1.99 39 39
168 2.25 45 45
169 3.03 50 50
E 1.13 1.13 ...
170 0.24 0 0
171 0.86 5 5
172 1.08 19 19
173 1.25 37 37
174 1.45 46 46
175 2.01 50 50











179 1.23 42 43 1
180 1.49 46 46
181 1.7 48 48
182 1.99 50 50
B 1.47 1.48 0.01
183 0.54 0 0
184 1.03 2 2
185 1.28 16 16
186 1.48 31 31
187 1.82 41 40
- 1
188 2.06 46 46
189 2.26 50 50
C 1.41 1.4 -0.01
190 0.74 0 0
191 1.04 3 3
192 1.21 9 10 1
193 1.44 36 37 1
194 1.82 45 46 1






































































204 1.73 2 2
205 2.02 2 2
206 2.23 4 4
207 2.44 14 14
208 2.85 25 26 1
209 3.04 33 34 1
210 3.91 47 48 1










213 0.76 18 19 1











217 2.01 49 49
B 1.94 1.94
218 0.75 0 0
219 1.26 1 1













224 2.49 46 46
225 2.97 50 50
C 1.54 1.55 0.01























232 2.54 48 48
D 2.01 1.99 -0.02
233 1.14 3 4 1
































235 1.79 18 17 -1
236 1.98 27 27
237 2.23 37 37
238 2.54 36 39 3
239 2.96 45 45
E 1.31 1.33 0.02
240 0.26 1 1
241 1.02 12 12
242 1.23 16 16
243 1.51 37 37
244 1.77 43 43
245 2.04 48 48
246 2.56 50 50






























B 1.44 1.45 0.01
254 0.64 2 2
255 0.91 4 4
256 1.22 13 13
257 1.52 27 27
258 1.74 40 40
259 2.03 47 47
260 2.39 49 49
C 2.21 2.19 -0.02
261 0.76 0 0
262 1.03 0 0
263 1.22 2 1
- 1
264 1.75 1 1 12 1
265 2.08 23 24 1
266 2.28 25 25
267 2.5 36 37 1
268 2.84 44 45 1
269 3.17 47 48 1
D 1.62
1.61 -0.01
270 0.82 1 1
271 1.04 4 4
272 1.28 6 6
273 1.5 16 16
274 1.72 32 33 1 '
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Table A-I (Cont.):
Color Center Vectoi Snyder AE*ab Current Snyder Freq. Current Snyder T50











275 2.08 45 46 1
E
1.29 1.29 - .
276 0.72 1 1
277 0.95 6 6
278 1.17 16 16
279 1.44 36 36
280 1.74 46 46
281 1.94 50 50
282 2.64 50 50






























B 1.15 1.14 -0.01
290 0.5 2 2
291 0.8 4 4
292 1.02 19 19
293 1.29 34 36 2
294 1.5 42 42
295 1.68 49 49
296 1.96 48 49 1
C 1.43 1.44 0.01
297 0.66 1 1
298 1.02 9 9
299 1.27 14 14
300 1.54 26 26
301 1.76 39 39
302 1.98 50 50
303 2.42 50 50
D 1.20 1.21 0.01
304 0.71 1 1
305 0.99 13 13
306 1.18 21 22 1
307 1.51 45 44
- 1
308 1.76 48 48
309 1.95 50 50
310 2.17 50 50
E 1.69 1.7 0.01
311 0.82 1 1
312 1.51 13 13
313 1.77 31 31
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Table A-I (Cont.):
Color Center Vectoi Snyder AE*ab Current Snyder Freq. Current Snyder T50











314 1.96 39 38 - 1
315 2.37 48 48
316 2.53 48 47 - 1
317 3.25 50 50
?Frequency difference of 11 for sample number 119 (Moderate bluish green vector B) is
considered to be the result of a typographical error made during the reporting of Phase I
by Snyder. Frequency of rejection should probably have been 29, thus frequency
difference would rightly have been 1. The T50 value reported for the current frequencies
of Moderate bluish green vector B is far more believable than Snyder's.
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Table A-]II: C"ompsiring Current Frequency Data to Ren
Color Center Vector Reniff AE*3b Current Reniff Freq. Current Reniff T50

































B 2.38 2.38 ...
6 1.90 17 17
7 2.23 20 20
8 2.50 25 25
9 3.00 41 41
10 3.99 47 47
C 1.78 1.79 0.01
1 1 1.47 15 14 1
12 1.17 7 7
13 1.69 22 22
14 2.00 36 36
15 2.51 42 42
F 1.29 1.29
16 0.59 4 4
17 1.05 9 9
18 1.36 30 30
19 1.45 36 36
20 1.95 46 46
21 2.43 49 49
G 1.69 1.69
22 1.24 3 3
23 1.56 16 16
24 1.67 34 34
25 2.01 37 37
26 2.38 47 48
- 1
H 1.71 1.71
27 1.29 17 17
28 1.63 13 13
29 1.74 40 40
30 1.98 29 29
31 2.57 36 36
1 1.47 1.47
32 1.15 1 1 1 1
33 1.30 16 16
34 1.68 42 42
35 1.82 32 32
36 1.98 45 45
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Table A-II (Cont.):
Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50

























40 1.27 20 19 1
41 1.60 23 24 - 1
42 1.88 41 41
B 1.51 1.47 -0.04
43 1.26 17 18
- 1
44 1.68 32 32
45 1.78 35 35
46 2.15 22 23 -1
47 2.23 37 38 - 1
C 2.05 2.05
48 1.42 1 1 1 1
49 1.70 16 16
50 2.18 31 31
51 2.60 39 39




53 0.76 7 8
- 1
54 0.99 34 34
55 1.43 47 47
56 1.69 33 33
57 2.09 50 50
G
1.62 1.62
58 1.30 18 18
59 1.56 16 16
60 1.72 35 35
61 2.04 34 34
62 2.64 46 46
H
1.37 1.38 0.01
63 0.98 8 7
1
64 1.37 31 31
65 1.40 16 16
66 1.66 40 40






69 1.74 23 23
70 2.12 24 24









Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50

























78 1.56 29 30 - 1
79 1.72 35 35
80 1.87 43 43
B 2.41 2.41 ...
81 1.47 7 7
82 1.94 12 12
83 2.26 18 18
84 2.38 36 36
85 2.62 27 27
86 2.94 34 34
C 1.94 1.96 0.02
87 1.45 14 14
88 1.82 23 22 1
89 2.04 25 24 1
90 2.11 28 28
91 2.53 41 40 1
F 1.70 1.70 ...
92 1.15 21 21
93 1.30 12 12
94 1.59 26 26
95 1.76 15 15
96 2.01 38 38
G 1.58 1.55 -0.03
97 0.50 2 2
98 0.62 1 1
99 0.83 8 8
100 0.97 5 5
101 0.96 24 24
102 1.51 13 13
103 1.75 34 36 -2
H 1.59 1.59
104 0.82 5 5
105 1.18 4 4
106 1.33 18 18
107 1.62 28 28
108 1.92 37 37
109 2.15 43 43
1 1.72 1.73 0.01
1 10 0.89 2 2
111 1.33 13 13
1 12 1.46 19 19
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Table A-II (Cont.):
Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50











113 1.82 36 36




























121 0.96 22 22
122 1.09 30 30
123 1.23 30 30
124 1.49 42 42
125 2.04 46 46
C 1.80 1.80
126 1.34 1 1 1 1
127 1.81 29 29
128 2.11 29 29
129 2.17 38 38
130 2.78 47 47
131 2.81 47 47
F 1.24 1.24
132 0.88 9 9
133 0.95 20 20
134 1.20 27 27
135 1.41 30 30
136 1.72 34 34
137 1.86 45 45
G 1.36 1.37
0.01
138 0.95 13 13
139 1.26 22 22
140 1.38 28 28
141 1.62 32 32
142 1.88 37 37
H
1.02 1.02
143 0.52 4 4
144 0.82 14 14
145 1.05 21 21
146 1.19 38 38
147 1.66 49 49
1
1.56 1.56
148 0.93 1 1 1 1
149 1.40 19 19
150 1.58 27 27
151 1.84 29 29 I
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Table A-II (Cont.):
Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50











152 2.01 39 39






















158 2.28 25 26 - 1
B 1.80 1.80 ...
159 1.39 21 21
160 1.68 22 22
161 2.08 25 25
162 2.34 31 31
163 2.65 46 46
C 5.13 5.11 -0.02
164 2.79 7 7
165 3.17 6 6
166 3.32 7 6 1
167 3.55 6 6
168 3.78 13 13
169 3.98 15 15
F 1.97 1.97
170 1.62 17 17
171 1.85 31 31
172 2.05 22 22
173 2.42 30 30
174 2.85 38 38
175 3.76 46 46
G 2.14 2.15 0.01
176 1.35 5 5
177 1.41 16 16
178 1.94 35 35
179 2.05 32 32
180 2.33 17 17
181 2.40 26 26
H 1.69 1.69
182 1.23 19 19
183 1.61 18 18
184 2.05 34 34
185 2.43 39 39
186 3.42 46 45 1
1 2.02 2.02
187 1.58 17 17
188 2.14 17 17
189 2.35 43 43
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Table A-II (Cont.):
Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50











190 2.35 31 31
191 2.61 39 39























B 0.78 0.78 ...
198 0.47 7 7
199 0.63 16 16
200 0.70 25 25
201 0.97 39 39
202 1.15 39 39
C 1.30 1.30
203 0.85 1 1 1 1
204 1.08 24 24
205 1.26 25 24 1
206 1.46 30 30
207 1.53 26 26
208 2.01 43 43
F 1.08 1.08
209 0.44 10 10
210 0.87 15 15
211 1.09 20 20
212 1.30 43 43
213 1.73 38 38
G 1.06 1.05 -0.01
214 0.65 8 8
215 0.89 23 23
216 1.20 27 27
217 1.23 34 34
218 1.45 39 39
H 1.02 1.02
219 0.69 10 10
220 0.78 23 23
221 0.84 16 16
222 1.10 25 25
223 1.25 41 41
224 1.58 38 38
1 0.94 0.95 0.01
225 0.65 8 8
226 0.77 22 22
227 1.02 33 33
228 1.23 33 33
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Table A-II (Cont.):
Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50











229 1.39 42 42






















B 1.15 1.16 0.01
235 0.78 18 18
236 0.97 12 12
237 1.10 24 24
238 1.36 33 33
239 1.50 35 35
240 2.11 48 48
C 1.57 1.55 -0.02
241 1.01 7 7
242 1.25 1 1 1 1
243 1.45 24 25 - 1
244 1.78 36 36
245 1.95 35 36 - 1
F 1.06 1.06
246 0.90 23 23
247 1.01 28 28
248 1.22 24 24
249 1.34 19 19
250 1.57 46 46
251 1.95 35 35
G 0.95 0.93 -0.02
252 0.62 8 8
253 0.74 20 21
- 1
254 0.93 14 14
255 1.10 42 43
- 1
256 1.27 38 39
- 1




258 0.62 5 5
259 1.01 23 23
260 1.29 13 13
261 1.54 28 28
262 1.83 41 41
1
0.91 0.91
263 0.60 1 1 1 1
264 0.84 20 20
265 0.93 25 25
266 1.12 39 39
111
Table A-II (Cont.):
Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50



































B 3.55 3.07 -0.48
273 2.75 14 19 -5
274 3.58 23 28 -5
275 4.07 40 45 -5
276 4.21 31 36 -5
277 5.43 38 43 -5
C 1.40 1.42 0.02
278 0.86 1 1 1 1
279 1.15 21 21
280 1.37 18 18
281 1.62 33 33
282 1.69 34 34
283 1.96 39 38 1
F 2.20 2.20 ...
284 1.37 12 12
285 1.70 14 14
286 2.42 23 23
287 2.77 41 41
288 3.71 47 47
G 1.35 1.36 0.01
289 0.66 4 4
290 0.97 1 1 1 1
291 1.10 1 1 1 1
292 1.32 18 18
293 1.43 26 26
294 1.77 47 47
H 1.43 1.43
295 1.08 13 13
296 1.23 13 13
297 1.44 42 42
298 1.68 36 36
299 2.15 26 26
300 2.24 39 38 1
1 1.19 1.19
301 0.65 5 5
302 1.10 30 30
303 1.44 41 41
304 1.75 34 34
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Table A-II (Cont.):
Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50











305 2.19 39 39






















B 1.69 1.70 0.01
311 1.19 14 14
312 1.54 14 14
313 1.88 29 29
314 2.18 43 43
315 2.29 42 42
C 1.71 1.69 -0.02
316 0.72 4 4
317 1.26 12 12
318 1.57 21 21
319 1.72 32 32
320 1.98 28 28
F 1.45 1.45
321 0.67 5 5
322 1.09 12 12
323 1.09 16 16
324 1.47 14 14
325 1.62 40 40
G 1.65 1.65
326 0.98 7 7
327 1.28 20 20
328 1.46 29 29
329 1.75 22 22
330 1.96 26 26
331 2.28 42 42
H 1.80 1.81 0.01
332 1.33 13 13
333 1.62 18 18
334 1.74 24 23 1
335 2.05 32 32
336 2.14 32 32
337 2.32 42 42
1 1.30 1.30
338 0.76 8 8
339 0.98 12 12
340 1.29 33 33
341 1.56 29 29





Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50











343 0.70 12 12
344 0.94 24 24
345 1.04 29 29
346 1.33 34 34
347 1.47 42 42
348 1.59 41 41
B 1.40 1.40 ...
349 1.15 13 13
350 1.31 26 26
351 1.78 39 39
352 2.38 45 45
353 2.69 46 46
C 1.18 1.17 -0.01
354 0.48 1 1
355 0.82 1 1 1 1
356 1.11 24 25 - 1
357 1.52 43 43
358 2.09 46 46
F 0.93 0.93
359 0.77 16 16
360 1.00 25 25
361 1.11 35 35
362 1.28 45 45
363 1.51 33 33
364 1.77 46 46
G 1.69 1.69
365 1.07 7 6 1
366 1.40 26 27 - 1
367 1.75 21 21
368 1.91 27 27
369 2.29 43 43
H 1.04 1.05 0.01
370 0.51 8 8
371 0.92 1 1 1 1
372 0.98 25 25
373 1.08 39 39
374 1.29 30 30
375 1.44 37 35 2
1 1.37 1.27 -0.10
376 1.45 26 27
- 1
377 1.68 24 25
- 1
378 1.73 33 32 1
379 1.97 19 19
380 2.19 38 38
381 2.51 30 30
Moderate blue F 1.01 1.00 -0.01
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Table A-II (Cont.)
Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50











382 0.96 20 20
383 1.07 28 28
384 1.31 42 42
385 1.60 42 42
386 1.67 46 46
G
1.13 1.13 ...
387 0.91 29 29
388 1.01 26 26
389 1.19 10 10
390 1.29 26 26
391 1.53 38 38
H 0.87 0.87 ...
392 0.59 6 6
393 0.80 30 30
394 0.94 31 31
395 1.12 34 34
396 1.57 46 46
1 1.73 1.73 ...
397 1.12 6 6
398 1.48 9 9
400 1.84 35 35
401 2.03 36 36
402 2.51 48 48























408 0.68 6 6
409 0.90 22 22
410 1.08 35 35
411 1.31 34 34
412 1.40 45 45
H 1.20 1.20
413 0.81 9 9
414 1.09 16 16
415 1.20 32 32
416 1.37 42 42
417 1.60 29 29
1 0.86 0.87 0.01
418 0.72 14 14
419 0.93 29 29
420 1.04 46 46
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Table A-II (Cont.):
Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50











421 1.17 37 37
422 1.33 32 32
423 0.06 2 2






















G 1.47 1.47 ...
429 0.92 6 6
430 1.20 3 3
431 1.54 33 33
432 1.59 29 29
433 1.77 46 46
434 2.14 46 46
H 1.29 1.29 ...
435 0.84 16 16
436 1.04 15 15
437 1.16 23 23
438 1.36 20 20
439 1.62 32 32
440 1.77 45 45
1 1.15 1.15
441 0.92 13 13
442 1.16 28 28
443 1.49 45 45
444 1.42 32 32



























G 1.02 1.03 0.01
452 0.60 2 2
453 0.75 12 12
454 1.30 42 42
455 1.23 37 37
456 1.44 47 47
457 1.68 47 46 1
H 0.87 0.87
458 0.59 5 5
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Table A-II (Cont.):
Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50











459 0.78 14 14
460 0.88 25 24 1
461 1.02 44 44
462 1.22 45 45
1 0.94 0.94 ...
463 0.57 5 5
464 0.80 10 10
465 0.93 36 36
466 1.04 32 32



























G 1.08 1.09 0.01
474 0.70 6 6
475 0.87 10 10
476 0.95 18 18
477 1.20 38 38
478 1.63 45 45
H 1.17 1.17
479 0.67 4 4
480 0.88 14 14
481 1.20 34 34
482 1.36 30 30
483 1.56 38 38
1 1.02 1.02
484 0.62 8 8
485 0.80 12 12
486 0.94 25 25
487 1.20 38 38
























494 1.08 16 16
495 1.19 18 18
496 1.31 24 24
497 1.51 21 21
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Table A-II (Cont.):
Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50











498 1.77 41 41
H 1.02 1.02
499 0.84 14 13 1
500 0.99 29 29
501 1.04 29 29
502 1.19 28 28
503 1.27 35 35
1 1.38 1.38 ...
504 0.64 13 13
505 0.96 14 14
506 1.08 23 23
507 1.36 27 27
508 1.38 32 32
509 1.58 21 21


























G 0.39 0.40 0.01
516 1.03 26 26
517 1.19 16 16
518 0.09 28 28
519 1.48 30 30
520 1.67 38 38
H 1.57 1.57
521 1.29 22 22
522 1.43 8 8
523 1.53 15 15
524 1.59 32 32
525 1.90 42 42
1 1.18 1.17 -0.01
526 1.15 28 28
527 1.19 21 21
528 1.41 33 33
529 1.53 36 36
530 1.62 45 45


















Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50











535 1.88 37 37
536 2.13 46 46
G 1.39 1.40 0.01
537 1.00 12 12
538 1.27 23 23
539 1.49 30 30
540 1.59 28 28
541 1.87 37 37
542 1.93 43 43
H 1.27 1.27 ...
543 0.90 8 8
544 1.20 30 30
545 1.29 21 21
546 1.44 31 31
547 1.81 44 44
1 1.16 1.16
548 0.79 4 4
549 0.99 21 21
550 1.27 38 38
551 1.37 27 27
552 1.59 44 44























558 1.23 20 20
559 1.39 23 23
560 1.49 35 35
561 1.82 37 37
562 2.25 38 38
H 1.06 1.07 0.01
563 0.78 19 18 1
564 0.89 9 9
565 1.08 29 29
566 1.27 34 34
567 1.50 36 36
568 1.61 49 49
1 1.00 1.01 0.01
569 0.65 5 5
570 0.80 22 22
571 1.03 16 16
572 1.27 43 43
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Table A-II (Cont.):
Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50











573 1.37 42 42























E 3.31 3.27 -0.04
580 2.11 4 4
581 2.60 12 12
582 2.82 27 27
583 3.01 18 18
584 3.72 29 30 - 1










587 0.76 14 13 1
588 0.90 21 21
589 1.28 33 33
D 1.55 1.56 0.01
590 1.02 4 4
591 1.35 25 25
592 1.55 27 27
593 1.90 33 33





































































Color Center Vector Reniff AE*ab Current Reniff Freq. Current Reniff T50

























































B 2.58 2.59 0.01
622 1.60 8 8
623 2.03 14 14
624 2.21 17 17
625 2.43 23 23
626 2.94 32 32
C 1.22 1.23 0.01
627 0.81 8 8
628 1.03 19 19
629 1.23 25 25
630 1.56 40 40
631 1.73 41 41
D 1.78 1.78
632 1.12 10 10
633 1.52 23 23
634 1.69 16 16
635 2.20 36 36
636 2.19 36 36
E 1.81 1.82 0.01
637 1.17 9 9
638 1.59 25 25
639 1.78 23 23
640 1.94 26 26
641 2.11 31 31
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Appendix B: Referenced Color Difference Formulae
NBS unit of color difference (1942)17:
AENBS = fg{[221Y-25 [(Aa)2 + (A|5)2]-5]2 + [fc(AY-5)]2}.5
where
Y=(Yi +Y2)/2
AY 5 = Y-5j - Y-52
a = (2.4266* - 1.3631? - 0.3214)/(1.000x + 2.2633?
+1.1054)
P = (0.5710* + 1.2447? - 0.5708)/(.000;t + 2.2633? +
1.1054)
fg = gloss factor
k = factor for proximity of samples being compared
Herein value used for fg
= Y /(Y +
.25)
and value used for k = 10. These were chosen
because Hunter*' used these himself when comparing between various color difference
formulae.
FMC-1 or Friele-MacAdam-Chickering Color Difference
Formula(1967)
i i
AE = [(AC)2 + (AL)2]-*
where
AC = [(ACi)2 + (AC3)2]-5
AL = 0.279(PAP + QAQ)/aD
ACi = S(PAP + QAQ)/bD2-AS/b
AC3 = (QAP PAQ)/aD
P = 0.724X -1- 0.382Y 0.098Z
Q = -0.48X + 1.37Y + 0.1276Z
S = 0.686Z
D = (P2 + Q2) 5
a2 =
17.310-6D2/[1+2.73P2Q2/(P4 + Q*)]
b2= 3.098-10-4(S2 + 0.2015Y2)
ACi represented the yellow-blue component of
chromaticness difference, AC 3 was the red-green. The AL
consisted of the
"Friele-type"
lightness difference. The Y






= Cn(AP)2 + 2Ci2APAQ + C22(AQ)2 + 2Ci3APAS + 2C23AQAS +
C33(AS)2
where
Cn = (ei2 + e32)P2 + e42Q2
C12 = (ei2_e32-e42)PQ









Kj = 0.55669 + Y {0.049434 + Y[-0.8257510-3 +
Y(0.7917210-5 - 0.3008710-7Y)]}
K2 = 0.17548 + Y{0.027556 + Y[-0.57262*10-3 +
Y(0. 63893*10-5 - 0.26731-KHY)]}
P = 0.724X + 0.382Y - 0.098Z
Q = -0.48X + 1.37Y + 0.1276Z
S = 0.686Z
D = (P2 + Q2).5
a2 = 17.310-6D2/[1 + 2.73P2Q2/(P4 + Q4)]
b2 = 3.09810-4(S2 + 0.2015Y2)
The FMC-2 color difference equation could also have been
written as AE = [Kt(AC)2 + K2(AL)2]-5 where AC and AL
were defined for the FMC-1 equation above and K, and K2
were as defined here. The approach taken here specified
the Cjj coefficients which are convenient for using in a
matrix equations.






L = 9.2 VY
A = 40(VX - VY)
B = 16(VY - Vz)
128
100(X/Xo) = 1.2219VX - 0.23111VX2+ 0.23951VX3 -
0.021009VX4 + 0.0008404VX5
100(Y/Y0) = 1.2219VY - 0.23111VY2+ 0.23951VY3 -
0.021009VY4
+ 0.0008404VY5
100(Z/Zo) = 1.2219VZ - 0.23111VZ2+ 0.23951VZ3 -
0.021 009Vz4 + 0.0008404VZ5
Xo,Yo,Zo are the tristimulus values of the nominally white
object-color stimulus. The A component describes the





[(AL*)2 + (Aa*)2 + (Ab*)2]-*
where
if Y/Yo > 0.01 then,
L*
= 116(Y/Y0)1/3 - 16
a*
= 500[(X/X0)1/3 - (Y/Y0)1/3]
b*
= 200[(Y/Y0) - (Z/Z0)1/3]
Xo,Yo,Zo are the tristimulus values of the nominally white
object-color stimulus. The a* component describes the





















= 4X / (X + 15Y + 3Z)
v'
= 9Y / (X + 15Y + 3Z)
u'o
= 4X0 / (X0 + 15Y0 + 3Zo)
v'0
= 9Y0 / (X0 + 15Y0 + 3Zo)










AE = [(AL*//SL)2 + (AC*/cSc)2 + (AH*/SH)2]5
where




Sc = 0.0638Ci*/(l+0.0131Ci*) + 0.638
SH = SC(T/+1 f)






T = 0.36 + 10.4 cos(hi + 35)1
otherwise,
T = 0.56 + 10.2 cos(hi+ 168)1
"Li*,
Ci*
and hi refer to the standard of a pair of samples,







"Sl, Sc, Sr indicate the lengths of the half-axes of the
ellipsoid defining unit
AE."
"/ and c are the relative weightings of lightness and
chroma required for a particular
application."
For
perceptibility data, I =c = 1. For textile and some other
critical acceptability usage, / = 2, c = 1.
SVF (1986)9
AE = [(AFi)2 + (AF2)2 +
(2.3AVY)2]'5
where
Fi = 700 pi - 54p2
F2 = 96.5p2
if Y > 0.43 then,













vi(Y) = (Y - 0.43)0.*i/((Y-0.43)0-5i + 31.75)
if Y <= 0.1k(VY) then,









= 0.520X + 0.589Y - 0.102Z
S2'
= -0.194X + 0.562Y + 0.034Z
S3'






refer to the relative light absorptions in
the three human cone types. Si'w, S2'w and S3'w are the
same calculations for cone excitations for white light. Si,




Fi and F2 are "opponent
coordinates."
"Fi corresponds
roughly with the reddish hue 10 RP and -Fi with
greenish hue 10G of the Munsell System; F2 corresponds





[AC*/(cDc)]2 + (AH*/DH)2 +
RT(AC*/DcXAH*/DH)}*
where





G={(C*)4/[(C*)4 + 14000] }*
T'
= 0.627 + 0.055cos(h - 254) - 0.040cos(2h - 136) +
0.070cos(3h - 32) + 0.049cos(4h + 114) -
0.015cos(5h - 103)
Rt = Rh^c
Rh = -0.260cos(h - 308) - 0.379cos(2h - 160) -
0.636cos(3h + 254) + 0.226cos(4h + 140)
0.194cos(5h + 280)
Rc = {(C*)6/[(C*)6 + 7x107] }*
L(BFD) = 54.61og(Y + 1.5) - 9.6
"The terms C and h refer to the mean of the C* and h




being calculated from the CIE L*a*b* formula.
Care should be taken in calculating
dC*
and dH*. If dC* is
equal to the
C*
value of sample B minus that of sample A,
then the dH* value is positive is A is clockwise relative to
sample B on a plot of a* against b*. As in the CMC
formula, different / and c values can be used for different
applications. In the present work c=l was found to be
satisfactory in every
case."
Rt is the term which "determines the extent of the
rotation of the
ellipses."
The Re and Rh components of Rt
are explained as follows: "The Re function ... ensures that
no discontinuities are introduced into the formula. For
C*
= 0, Re and therefore Rt are zero. Hence the ellipse for
neutral colours is not rotated at all; as
C*
increases, Re
increases smoothly up to a maximum of one and hence
rotation increases smoothly up to a maximum determined
by Rh (and is therefore different for different h
values)."
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Appendix C: 'C Color-Difference Subroutines
NBS unit of color difference (1942)17;
/*
nbs_colordif
Hunter, R. S., R. W. Harold, The Measurement of Appearance. 2nd Edition. John








float denom, x[2], y[2], Y[2], alpha[2], beta[2], Y_bar_quarter_root,





for (j = 0; j < 2; j++) {







- 1363 * ylj]
-

































delta_alpha_squared + delta_beta_squared, .5),2.0)
+
pow( K





K. D. Checkering, FMC Color-Difference Formulas: Clarification Concerning Usage,














Kl = 0.55669 + xyzlfl]
* (0.049434 + xyzl[l]
* (-.00082575 +
xyzl[l]
* (0.0000079172 - .000000030087 * xyzl[l])));
K2 = 0.1754 + xyzlfl]
* (0.027556 + xyzlfl]
* (-.00057262 +
xyzlfl]
* (.0000063893 .000000026731 * xyzlfl])));
for (i = 0; i < 2; i++) {














































Cll = (el * el + e3
*
e3)*P[0]*P[0] + e4*e4*Q[0]*Q[0];
C12 = (el * el + e3
*
e3 - e4*e4)*P[0]*Q[0];







colordif = sqrt(Cll*pow(P[0] - P[l],(double)2.0) +
2 * C12*(P[0] - P[l])*
(Q[0] - Q[l]) + C22*pow(Q[0] - Q[l],(double)2.0) +
2 * C13*(P[0] - P[l]) *

























color difference equation */
colordif = sqrt( pow(lab[0][0] lab[l][0],2.0) +
pow(lab[0][l] lab[l][l], 2.0) +
pow(lab[0][2]























color difference equation */
colordif = sqrt( pow(luv[0][0]
- luv[l][0],2.0) +
pow(luv[0][l]
- luv[l][l], 2.0) +
pow(luv[0][2]






F. J. J. Clarke, R. McDonald and B. Rigg, Modification to the JPC79 Colour-















double SL, SC, SH;
double T,f;
double delta_L, delta_C, delta_H, delta_a, delta_b;
double xyz[2][3];
double delta_H_squared;

















/* for perceptibility, ljightness = c_chroma = 1 */
Mightness = 1;
c_chroma = 1;






SC = 0.0638 * lch[0][l]/(l+0.0131*lch[0][l]) + 0.638;
/*
we have radians, range is between 164 and 345 degrees */
if ((lch[0][2]<2.86) && (lch[0][2] > -.26)) {
T = 0.36 + abs(0.4 * cos(lch[0][2] + .61));
}
else {
T = 0.56 + abs(0.2 * cos(lch[0][2] + 2.9));
}
f = sqrt(pow(lch[0][l],(double)4.0)/(pow(lcht0][l],(double)4.0) +
1900));
SH = SC * (T * f + 1 - f);
delta_L = lch[0][0] lch[l][0];
delta_C = lch[0][l] lch[l][l];
delta.a = lab[0][l] - lab[l][l];
delta_b = lab[0][2] lab[l][2];
/* due to round off error, sometimes near zero values are negative. Thus check*/
delta_H_squared = pow(delta_a,(double)2.0) +
pow(delta_b,(double)2.0)
pow(delta_C,(double)2.0);
if (delta_H_squared < 0) delta_H = 0;
else delta_H = sqrt(delta_H_squared);








Seim, T., A. Valberg, Towards a Uniform Color Space: A Better Formula to Describe















double delta_Fl, delta_F2, delta_Vy;



























Slpw = 52*xyz_w[0] + .589*xyz_w[l]
-
.102*xyz_w[2];






for (i = 0; i < 2; i++) {
Sip = .52*xyz[i][0] + .589*xyz[i][l]
-
.102*xyz[i][2];
S2p = -.194*xyz[i][0] + .562*xyz[i][l]
+ .034*xyz[i][2];
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if (xyz[i][l] > .43) {




pl = vl(Sl) - vl(xyz[i][l]);
if (S3 <= xyz[i][l]) {
p2 = vl(xyz[i][l]) - vl(S3);
}
else {
p2 = v2(xyz[i][l],Vy[i]) - v2(S3,Vy[i]);
Fl[i] = 700 * pl 54 * p2;
F2[i] = 96.5 * p2;
}
delta_Fl = F1[0] Fl[l];
delta_F2 = F2[0] - F2[l];
delta_Vy = Vy[0] Vy[l];







































M. R. Luo and B. Rigg, BFD (l:c) Colour-difference Formula Part 1 - Development of
the formula, J. Soc. Dyers and Colourists, 103, 86-94 (1987)
M. R. Luo and B. Rigg, BFD (l:c) Colour-difference Formula Part 2 - Performance of















double C_bar, h_bar, dL, dC, dH, dE_sq, da, db;
double dH_sq;
double l_ligntness, c_chroma;





























pow(dL,2.0) + pow(da,2.0) + pow(db, 2.0);
/* fix for tiny negative numbers when lch[l][2] = lch[l][2] */
dH_sq = dE_sq - pow(dL,2.0) - pow(dC,2.0);
if (dH_sq < 0) dH_sq = 0;
dH = sqrt(dH_sq);
dL_BFD = L_BFD[0] - L_BFD[1];
Re = sqrt(pow<C_bar,6.0)/(pow(C_bar,6.0) + 7E7));
Rh = -.260*cos(h_bar - 5.3756) .379*cos(2*h_bar - 2.7925) -




Rt = Rh * Re;





+ .049*cos(4*h_bar + 1.9897) -
.015*cos(5*h_bar 1.7977);
G = sqrt(pow(C_bar,4.0)/(pow(C_bar,4.0) + 14000));
Dc = 0.035*C_bar/(l+0.00365*C_bar) + .521;
Dh = Dc*(G*T_prime + 1 - G);
colordif = sqrt(pow(dL_BFD/l_lightness,2.0) +
pow(dC/c_chroma/Dc, 2.0) +
pow(dH/Dh, 2.0) +
Rt * (dC/Dc)*(dH/Dh) );
return(colordif);
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